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MDA-7 AND FREE RADICALS IN THE TREATMENT OF CANCER 

SPECIFICATION 

CROSS REFERENCE TO RELATED APPLICATIONS 

This application claims priority to United States Provisional Patent 
5 ^pl. Ser. No. 60/436,273, filed December 23, 2002; to United States Provisional 
Patent Appl. Ser. No. 60/436^81, filed December 23, 2002; to United States 
Provisional Patent Appl. Ser. No. 60/486,533, filed July 10, 2003; and to United 
States Provisional Patent Appl. Ser. No. 60/486,870, filed July 10, 2003; the contents 
of which are incorporated herein in their entireties. 

0 

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH 



Institutes of Health Grants 5R01CA035675, 5R01CA088906, 1R01CA097318, 
5R01DK052825, and 5P01NS031492, and by Department of Defense Grants BC98- 
is 0148 and DAMD17-98-1-8053, so that the United States Govenmient has certain 
rights herein. 



20 tumor in a subject comprising generating within one or more cancer cells of a subject 
an effective amount of MDA-7 and an effective amount of one or more free radicals. 
The present invention fiirther relates to methods of inhibiting proUferation or 
promoting death in a cancer cell of a subject comprising generating within one or 
more cancer cells of a subject an effective amount of MDA-7 and an effective amount 

25 of one or more firee radicals. Generation of an effective amount of MDA-7 can occur 
by administermg to the cancer cell an effective amount of a nucleic acid encoding 
MDA.7, an isolated and purified MDA-7 protein, or fimctional equivalents thereof 
Generation of an effective amount of MDA-7 within the cell also may occm- by 
upregulating expression of the mda-1 gene or by stabihzing mda-1 mRNA levels 



The subject matter described herein was siq)ported in part by National 



1. 



INTRODUCTION 



The present invention relates to mefliods of treating a cancer and/or 
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within the cell. Generation of one or more free radicals in a cancer cell can occur by 
exposing the cancer cell to an effective amount of ionizing radiation, a free radical, a 
generator of a free radical, a reactive oxygen species (ROS), a generator of a ROS, or 
a disruptor of mitochondrial membrane potential. 

5 

2. BACKGROUND OF THE INVENTION 
2.1. PgFERENTTATION THER APY 

Aberrant growth and differentiation are properties frequently observed 
in cancer ceUs (Sachs, 1978, Nature 274:535-9; Scott 1997, Pharmacol. Ther. 73:51- 

10 65: Leszczyniecka et al, 2001, Phaimacol. Ther. 90:105-156). In these contexts, 
developing strategies to re-program tumor cells to undergo irreversible growth airest 
and terminal differentiation, a process termed 'differentiation therapy,' provides 
unique opportunities for therapeutic intervention (Sachs, 1978, Nature 274:535-9: 
Scott 1997, Pharmacol. Ther. 73:51-65; Leszczyniecka et al, 2001, Pharmacol. Ther. 

15 90: 105-1 56). The basic premise underlying differentiation therapy is that tumor cells 
either fail to produce or make subthreshold levels of gene products essential for 
maintaining growth control and normal programs of differentiation (Sachs, 1978, 
Nature 274:535-9; Fisher et al, 1985, J. Interferon Res.- 5:11-22; Jiang et al, 1993, 
Mol. Cell. Different. 1:41-66; Jiang etal, 1994, Mol. Cell. Different. 2:221-39; Scott, 
20 1997, Pharmacol. Ther. 23:51-65; Leszczyniecka et al, 2001, Pharmacol. Ther. 
2fi: 105-1 56). 

This hypothesis has been tested in the context of human melanoma 
cells, which can be induced to irreversibly growth arrest and terminally differentiate 
by treatment with fibroblast interferon (IFN-6) and the protein kinase C activator 

25 mezerein (MEZ) (Jiang and Fisher, 1993, Mol CeU. Different. 1 :285-299; Jiang et al, 
1993, Mol. Cell. Different. 1:41-66; Jiang et al, 1994, Mol. Cell. Different. 2:221- 
39). To identify genes expressed specificaUy during terminal differentiation, HO-1 
human melanoma cells were terminally differentiated by treatment with IFN-B + MEZ 
(Fisher et al, 1985, J. Interferon Res. 5:1 1-22) and temporally spaced mRNAs were 

30 collected and used to generate a cDNA library (Jiang and Fisher, 1993, Mol. Cell. 
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Different. 1:285-299). A similar temporal cDNA library was prepared from actively 
proliferating HO-1 cells not induced to growth arrest and terminally differentiate. 
These two cDNA libraries were subtracted (differentiated minus control) insulting in 
the construction of a temporally spaced subtracted (TSS) cDNA library theoretically 
5 enriched for genes modified during HO-1 terminal differentiation (Jiang and Fisher, 
1993, Mol. Cell. Different. 1:285-299). By using various screenmg methodologies, 
includmg random clonal isolation and Northern hybridization (Jiang and Fisher, 1993, 
Mol. Cell. Different. 1 :285-299), reverse Northern hybridization of arrayed cDNA 
clones (Huang et al, 1999, Gene 236:125-131) and high-density microarray analyses 

10 of cDNA clones (Huang et al, 1 999, Oncogene 1 8:3546-52), a spectrum of genes 
associated with and potentially causative of melanoma growth arrest and 
differentiation have been isolated (Jiang and Fisher, 1993, Mol. Cell. Different. 1:285- 
299; Huang et al, 1999, Gene 236:125-131; Huang et al, 1999, Oncogene 18:3546- 
52). Among these genes was melanoma differentiation associated gene-7, hereafter 

15 "mda-l." Subsequent studies have identified mda-1 as a member of the DL-IO femily 
of cytokines and it has been designated as IL-24 (Wang et al, 2002, J. Biol. Chem. 
277:7341-7347). 

2-2- IDENTIFICATION AND INTTTA L GHARACTRRIZATTON OF MDAl-im J) A 

2° Using differentiation induction subtraction hybridization (DISH) (Jiang 

etal, 1993, Mol. Cell. Different. 1:41-66; Huang etal, 1999, Gene 236:125-131), 
TOrfa-7/IL-24 was identified as a gene displaying no or minimal RNA expression in 
actively proliferating melanoma cells, with elevated de novo expression in normal 
melanocytes and inducible expression in terminally differentiated melanoma cells 

25 (Jiang et al, 1 995, Oncogene 11 :2477-2486; W095/1 1986). Initial characterization of 
the mda-inL-2A cDNA mdicated that it encoded a protein of 23.8 kDa (Jiang et al, 
1995, Oncogene 11:2477-2486), and that this protein contained a small stretch of 
sequence homology to IL-10 (54% in 42 amino acids). Southern blot analysis 
documented that wrfa-7/IL-24 is an evolutionarily-conserved gene with homologous 

30 sequences in the genomic DNAs of yeast, simian, bovine, canine and fehne origin 
(Jiang et al, 1995, Oncogene 0:2477-2486). Expression analysis in HO-1 cells 
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indicated lack of induction by IFN-J3, a small induction by MEZ and during serum 
starvation, and maximum induction following treatment with IFN-B + MEZ (Jiang et 
al, 1995, Oncogene 11:2477-2486). These studies also documented that mda-lUL-lA 
mRNA expression inversely correlated with melanoma progression from melanocyte 
to metastatic melanoma in clinical patient-derived specimens (Jiang et al, 1995, 
Oncogene 11:2477-2486). Transfection of C8161 metastatic human melanoma cells 
with an expression construct encoding ni£/a-7/BL-24 reduced colony fomiation (Jiang 
et al, 1995, Oncogene 11:2477-2486), and using an HO-1 cell line containing an 
mda-7/JL-24 gene regulated by dexamethasone through a mouse mammary tumor 
vuois promoter, expression of mda-H\L-2A was growth suppressive (Jiang et al., 
1995, Oncogene 11:2477-2486). 

2-3. MP^-7/IL-24: A BROAD SPECTRUM CANCER-SPECIT^TC APOPTOSTS- 

INDUCING GFNP. 

mda-irSL-lA has been found to reduce colony formation in a broad 
spectrum of human tumor cells irrespective of the status of their p53, Rb, Bax or pl6 
genes, including osteosarcoma and carcinomas of the breast, cervix, colon, 
nasopharynx and prostate (Jiang et al, 1996, Proc. Natl. Acad. Sci. U.S.A. 93:9160- 
9165; United States Patent No. 5,710,137). In contrast, mda-lUL-lA did not 

20 significantly alter growth in normal early passage human mammary breast epithelial 
cells, the HBL-100 normal breast epithelial cell line or early passage human skin 
fibroblasts (Jiang et al, 1996, Proc. Natl. Acad. Sci. U.S.A. 93:9160-9165). These 
studies demonstrate that mda-lllL-2A has cancer-specific growth suppressing 
properties in a broad range of human tumor cell types with diverse genetic alterations. 

25 As an approach to more efficiently administer mda-7/IL-24 and to 

begin to define the mechanism by which mda-7/IL-24 selectively affects cancer cell 
proliferation, a replication-incompetent adenovirus (Ad.mda-7) was constructed (Su et 
al, 1998, Proc. Natl. Acad. Sci. U.S.A. 95:14400-14405). Studies in the context of 
breast carcinoma cells demonstrated that Ad.mda-7 selectively induced growth 

30 suppression and this process occmred by induction of programmed cell death 
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(apoptosis) (Su etal, 1998, Proc. Natl. Acad. Sci. U.S.A. 95:14400-14405). In 
contrast, as observed with transfection, infection of normal mammary epithelial and 
HBL-100 cells with Ad.mda-1 did not significantly affect growth or reduce viabiUty. 
Analysis of the potential mechanism by which mda-irSL-lA induced apoptosis 
5 indicated up-regulation of the pro-apoptotic molecule Bax uniquely in breast cancer 
cells, irrespective of their p53 gene status. Additionally, the level of the pro-apoptotic 
protein Bcl-2 was reduced in multiple breast carcinoma cells following AA.mda-1 • 
infection. 

Infection of an expansive array of cancer and normal cell types with 
10 M.mda-1 demonstrates that mda-llXL-lA has wide-ranging cancer-specific apoptosis 
promoting activity (Su et al, 1998, Proc. Natl. Acad. Sci. U.S.A. 95:14400-14405; 
Madireddi et a/., 2000, Adv. Exp. Med. Biol. 465:239-261; Saeki et al, 2000, Gene 
Ther. 7:2051-2057; Huang et al, 2001, Oncogene 20:7051-63; Mhashilkar etal, 
2001, Mol. Med. 7:271-282; Cao et al, 2002, Mol. Med. 8:869-876; Kawabe etal, 
15 2002, Mol. Ther. 6:637-644; Lebedeva et al, 2002, Oncogene 21:708-718; Pataer et 
al, 2002, Cancer Res. 62:2239-2243; Saeki et al, 2002, Oncogene 21:4558-4566; 
Sarkar et al, 2002, Proc. Natl. Acad. Sci. U.S.A. 99:10054-10059; Su et al, 2001, 
Proc. Natl. Acad. Sci. U.S.A. 98:10332-10337; Pataer eM/., 2003, J. Thorac. 
Cardiovasc. Surg. 125:1328-1335; Sauane etal, 2003, Cytokine Growth Factor Rev. 
20 14:35-5 1 ; Sauane et al, 2003, J. Cell. Physiol. 196:334-345; Su et al., 2003 Oncogene 
22:1164-1 180; Yacoub et al, 2003, Mol. Cancer Therapeut. 2:623-632). Although 
the mechanism underlying the differential pro-apoptotic activity of mda-iriLrTA 
toward cancer versus normal cells is not currently known, this cancer-selective 
activity in most cases appears not to be a consequence of differences in mda-1 
IS expression, protein production or secretion following infection with Ad.mda-7 
(Mhashilkar a/., 2001, Mol. Med. 7:271-282; Lebedeva etal, 2002, Oncogene 
21 :708-718; Su et al, 2003 Oncogene 22: 1 164-1 1 80). In specific cell types, 
including breast, pancreatic and prostate carcinomas, melanomas and malignant 
gUomas, induction of apoptosis correlates with changes in the ratio of pro-apoptotic 
30 proteins (such as Bax and Bak) to anti-apoptotic proteins (such as Bcl-2 and Bcl-xL), 
thereby shifting the balance fi-om survival to programmed cell death (Saeki etal, 
2000, Gene Ther. 7:2051-2057; Lebedeva et al, 2002, Oncogene 21 :708-718; Su et 
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al, 2003 Oncogene 22:1164-1180). Changes in cell cycle are also evident in some, 
but not all, cancer cells infected with Ad.mda-7 (Saeki et al., 2000, Gene Ther. 
7:2051-2057; Lebedeva et al., 2002, Oncogene 21:708-718; Su et al., 2003 Oncogene 
22: 1 164-1 1 80). A cell cycle change seen in Ad.»2c?a-7-infected melanomas, non- 
5 small cell lung carcinomas, prostate carcinomas and certain malignant gliomas is an 
increase in the proportion of ceUs in the G2/M phase (Saeki et al, 2000, Gene Ther. 
7:2051-2057; Lebedeva etal., 2002, Oncogene 21:708-718; Su etal, 2003 Oncogene 
22:1 164-1180). Apoptosis induction associates with activation of the caspase cascade 
in specific tumor systems, including activation of caspase-9 and caspase-3 and 
10 cleavage of PARP, a caspase substrate (Saeki et al., 2000, Gene Ther. 7:2051-2057; 
Mhashilkar et al, 2001, Mol. Med. 7:271-282; Pataer et al, 2002, Cancer Res. 
62:2239-2243). 

The present invention relates to methods of enhancing the ability of 
mda-1 and its encoded protein to mhibit malignant cell growth and prohferation and 

15 to promote apoptosis. The present invention provides a method for the treatment of 
cancer in a subject comprising administering mda-1 nucleic acid or MDA-7 protein in 
combination with radiation therapy and/or one or more sources of free radicals, 
including free radicals, generators of free radicals, reactive oxygeai species (ROS), 
generators of reactive oxygen species (ROS), and/or disruptore of mitochondrial 

20 membrane potential. This invention is based, at least in part, on the observation that 
the ability of nu/a-7/IL-24 to induce apoptosis and reduce clonogenic survival can be 
augmented in malignant gUoma, mammary, prostate, renal, lung and other cancer 
cells by agents that generate free radicals. While Kawabe et al reported that the pro- 
apoptotic effects of Ad.mda-7 in non-small cell lung cancer cells could be augmented 

25 by radiation therapy (Kawabe et al, 2002, Mol. Ther. 6:637-644), this reference does 
not disclose the use of radiation to enhance tnda-l nucleic acid-mediated cell death in 
other forms of cancer, the use of exogenously-administered MDA-7 protein in 
conjunction with radiation, nor the use of free radicals or free radical generators other 
than radiation in conjunction with mda-7 therapy, 

30 

3. SUMMARY OF THE TNVir.iVTmTv 
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The present invention relates to metliods of treating a cancer in a 
subject comprising generating, within one or more cancer ceUs of a subject, an 
effective amount of mda-1 nucleic acid, MDA-7 protein, or fimctional equivalents 
thereof, and generating within the same cancer cells an effective amount of one or 
5 more species of free radicals. The invention is based, at least in part, on the 

observations that the dose-dependent growth suppression and apoptosis induced in 
cultured human cancer cells but not normal cultured human cells by administration of 
either mda-1 nucleic acid or purified GST-MDA-7 protein could be significantly 
potentiated by the prior, concurrent, or subsequent administration of ionizmg 

10 radiation, free radical generators such as arsenic trioxide, NSC656240 or N-(4- 

hydroxyphenyl) retinamide (4-HPR), or mitochondrial membrane potential disruptors 
such as the peripheral benzodiazapine receptor agonist PKl 11 95, and that this MDA- 
7-mediated cytotoxicity could largely be prevented by the administration of either the 
anti-oxidants N-acetyl-cysteine (NAC) and Tiron or the mitochondrial membrane 

15 permeability uihibitors cyclosporine (CsA) or bongkrekic acid (BA). The present 
invention exhibits a significant advantage over previous approaches in that Ihe 
combination of mda-1 nucleic acid or MDA-7 protein with ionizing radiation, froe, 
radicals, generators of free radicals, ROS, generators of ROS, or disruptors of 
mitochondrial membrane potential, or various combinations thereof is selectively 

20 toxic to human cancer cell lines. 

4. BRIEF DESCRIPTION OF THE FIGURES 

Figure 1 A-F. Effect of Ad.vec. Ad.mda-7 and A±wtp53 on the growth 
of normal (PHFA) and immortal (PHFA-Im) human fetal astrocytes and mutp53 and 
25 wtp53 malignant gliomas. The various cell lines were unmfected (Control) or infected 
with 100 pfij/cell of the indicated virus and cell growth was determined by 
hemocytometer over an 8-day period. Results are expressed as the average of 
tripUcate samples ± S,D. Replicate experiments varied by < 12%. 

Figure 2A-F. Temporal effects on mda-7 mRNA expression in normal 
30 and immortal human fetal astrocytes and maUgnant gUomas after infection with 
Ad.mda-7. The indicated cell type was infected with 100 pfu/cell of Ad.mda-7 and 
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total RNA was isolated at the times indicated and analyzed by Northern blotting. Ten 
Hg of each RNA sample was analyzed by Northem blotting. Blots were probed with a 
random-primed [^^P]-labeled mda-7 cDNA, the blots were stripped and then reprobed 
with a random-primed [^^P]-labeled gapdh cDNA probe. Blots were exposed for 
5 autoradiography. (A) PHFA; (B) PHFA-hn; (C) U87MG; (D) U25 IMG; (E) 
U373MG; (F) T98G. 

Figure 3. Detennination of intracellular and secreted MDA-7 protein 
in immortal human fetal astrocytes and malignant gliomas after infection with 
M.mda-1. Normal immortalized primary human fetal astrocytes (PHFA-Im) and 

10 malignant gliomas (U87MG, U251MG and T98G) were untreated (Control) or 

infected with 100 pfu/cell of Ad.vec and M.mda-1, and 24 and 48 hpi supematants 
and 24, 48 and 72 hpi cell lysates were collected and levels of MDA-7 protein wore 
determined by Western blotting. A total of 25 ^il of supernatant and 50 ng of cell 
lysates were used for Western blotting assays. Arrows on the left indicate secreted 

15 MDA-7 protein and brackets and arrows on the right indicate multiple sized MDA-7 
proteins in cell lysates. 

Figure 4. Production of wtp53 protein in PHFA-Im and malignant 
gliomas following mfection with A±wtp53. Cells were untreated (Control) or infected 
with 100 pfu/cell of Ad.vec or M.wtp53 and protein samples were collected in RIPA 

20 buffer at different time points. Samples (30 ng of total protein) were run on 12% SDS 
PAGE, transferred to Immobaon P PVDF membranes and stained witli anti p53 
monoclonal antibody. 

Figure 5. Induction of early and late apoptosis and necrosis by 
M.mda-1 and Ad.wtp53 m malignant gliomas as monitored by Amiexin V bindmg. 

25 The indicated cells were untreated (control) or infected with 100 pfu/cell of Ad.vec, 
M.mda-1 or M.wtpSS. Cells were stained 30 h later with FITC labeled Annexin V 
and PI and immediately analyzed by flow cytometry. The percentage of early 
apoptotic cells (only Annexm V stained) and late apoptotic and necrotic cells (stained 
with both Annexin V and PI) was calculated using CeUQuest software (Becton 

30 Dickinson, San Jose, CA). 
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Figure 6. Induction of apoptosis as monitored by Ao DNA content by 
M.mda-1 and M.wtp53 in malignant gliomas. The indicated cells were untreated 
(control) or infected with 100 pfii/ceU of Ad.vec. AA.mda-1 or AA.M>tp53 and 
harvested at 24, 48 and 72 hpi, fixed and stained with PI as described in Materials and 
5 methods. The percentage of the cells in Aq fraction was calculated using the 
CellQuest software (Becton Dickinson). 

Figure 7. Ceil cycle changes in malignant gliomas following infection 
with kA.mda-1 and Ad..wtp53. Cells were untreated (control) or infected with 100 
pfii/cell of Ad.vec, M.mda-1 or A.±wtp53, harvested at 24, 48 and 72 hpi, fixed and 
10 stained with PI. Viable, non-apoptotic cells were gated using CellQuest software, and 
cell cycle phase distribution of the cells was determined for each cell type. The 
percentage of cells in G2/M phase after Ad.vec, Ad.mda-7 (Panel A) or Ad.wtp53 
(Panel B) infection was determined. 

Figure 8. Determination of Bcl-2, Bcl-XL, BAX, BAK and EF-la 
15 protein levels in normal immortal fetal astrocytes and malignant gliomas following 
infection with Ad.mda-7 or Ad.w^53, Cells were untreated (control) or infected with 
100 pfii/cell of Ad.vec, Ad.mda-7 or Ad.wtp53 and protein lysates were prepared at 
the specified time points. Samples of 50 |jg of total protein were run on 12% SDS- 
PAGE, transferred to a PVDF membrane and stained with different antibodies. Bcl- 
20 family protein expression, as determined by Western blot analysis, was quantitatively 
analyzed via laser-scanning densitometry usmg NIH Image Version 1.61 software. 

Figure 9. Induction of GADD family genes following infection with 
Ad.mda-7 and Ad.wtp53 in malignant gliomas. U87MG, PHFA-Im and U251MG 
malignant gUomas were infected with either Ad.vec, Ad.mda-7 or Ad.w^55 at an 
25 M.O.I, of 100 pfii/cell for three days. Total RNA was extracted and the expression 
profiles of GADD153, GADD45a, GADD34 and GAPDH mRNAs were deteraiined 
by Northern blot analysis. 

Figure lOA-B. Ad.mda-7 infection sensitizes malignant gliomas to 
radiation-induced growth suppression and induction of apoptosis. U87MG and 
30 U251MG cells were plated and 24 h later were infected with Ad.mda-7 or Ad.vec at 
an m.o.i. of -50 pfij/cell. Cells were cultured for an additional 24 h prior to 
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in-adiation. Cultures were then irradiated (6 Gy) and the growth of cells determined 4 
days later (5 days after infection) using MTT assays. Parallel experiments examined 
the amount of apoptosis 4 days after exposure. Panel A. The combination ofAd.mda- 
7 and ionizing radiation caused a statistically significant additional decrease in growth 
5 potential of U87MG and U251MG glioma cells. * p < 0.05 less than Ad.vec alone; # p 
< 0.05 less than either radiation oxAd.mda-7 alone. Panel B. The combination of 
mda-7 and ionizing radiation caused a statistically significant additional increase the 
numbers of apoptotic cells, as judged by Wright Giemsa staining for apoptotic cell 
morphology. % p < 0.05 greater than either radiation oxAd.inda-7 alone. 

' ° Figure 1 1 . Purified GST-MDA-7 protein sensitizes malignant ghoma 

cells to radiation-induced growth suppression. U87MG and U251MG cells were 
plated and 24 h later were incubated with GST-MDA-7 or control (GST) at a final 
concentration of 0.25 |ig/ml. Cells were cultured for an additional 30 min prior to 
inradiation. Cells were then irradiated (6 Gy) and the growth of cells determined 4 

15 days later (5 days after infection) using MTT assays. The panel shows that the 

combination of GST-MDA-7 and ionizing radiation caused a statistically significant 
additional decrease in growth potential of U87MG and U25 IMG glioma cells. * p < 
0.05 less than AAvec alone; # p < 0.05 less than either radiation aiAd.mda-7 alone. 
Figure 12. The combination ofAd.mda-7 and irradiation 

20 synergistically induce GADDl 53 expression in mutp53 and wtp53 gliomas. U25 IMG 
(mutp53) and U87G (wtp53) gliomas were infected with hA.mda-1 or Ad.vec and 
irradiated as described in Figure 10. The cells were harvested day 1 to day 3 post- 
irradiation, total RNA was extracted and the expression of GADDl 53 and GAPDH 
mRNAs were analyzed by Northem blotting analysis. 

Figure 13A-D. AA.inda-1 suppresses glioma cell growth and enhances 
radiosensitivity. Glioma cells were cultured for 24h after plating then infected with 
Ad.mda-7 or CMV control viruses at the following multiplicities of infection: Panel 
A. RT2 cells, 5 m.o.i.; Panel B. RT2 cells, 25 m.o.i.; Panel C. RT2 cells, 50 m.o.i.; 
Panel D. primary rodent astrocytes, 50 m.o.i. The cells were irradiated, as indicated, 
30 24 hours after infection. MTT assays were performed 4 days post radiation. The 
values were normalized to the control unirradiated cells which is defined as 1 .00. 
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Data are the means of 12 data points ± SEM from a representative experiment (n = 3, 
* p<0.05 less than corresponding control value when corrected for the growth 
suppressive effects ofAd.mda-7 alone). 

Figure 14. GST-MDA-7 reduces the proliferation of glioma cells and 
5 enhances radiation-induced cell killing. Cells were cultured for 24h then treated with 
GST-MDA-7 or GST at the concentrations indicated. As indicated, 24h after GST- 
MDA-7 treatment, cells were irradiated (6 Gy). Cells were isolated 96h after 
in-adiation and cell numbers and viability deteimined by trypan blue exclusion 
staining and by Wright Giemsa staining of fixed cells. In parallel, cell numbers were 
10 also determined 96h after irradiation by MTT assay. Panel A. GST-MDA-7 inhibits 
the proliferation of RT2 cells in a dose-dependent fashion and enhances apoptotic cell 
death as judged by Giemsa staining for nuclear DNA fragmentation. Panel B. GST- 
MDA-7 (0.5 nM) interacts with radiation in a greater than additive fashion to suppress 
RT2 cell growth in MTT assays. Panel C. Left set of bars: GST-MDA-7 (5.0 nM) 
15 interacts with radiation in a greater than additive fashion to enhance apoptotic cell 
killing as judged by Giemsa staining. Right set of bars: GST-MDA-7 (5,0 TIM) 
interacts with radiation in a greater than additive fashion to enhance apoptotic cell 
killing as judged by trypan blue exclusion staining. Data are the means ± SEM of 3 
separate experiments * p < 0.05 greater than confrol infected cells; * p < 0.05 less than 
20 control infected cells; % p < 0.05 less than control infected cells corrected for the anti- 
proliferative effects of GST-MDA-7. 

Figure 15A-D. Ad.mda-7 reduces the ejqjression of Bc1-xl and 
increases the levels of BAX, consistent with a causal role of Bc1-xl expression in the 
radiosensitizing effect. Cells were cultured for 24h after plating then mfected with 
25 Ad,mda-7 or CMV control viruses (25 m.o.i.). The cells were irradiated (6 Gy) 24 
hours after infection. Cells were isolated 96h after irradiation and processed. Panel A. 
Ad.mda-7 and radiation suppress the expression of Bc1-xl and enhance BAX levels in 
RT2 ceUs 96h after irradiation. Cells were processed for SDS PAGE and 
immunoblotting. A representative study (n=3). Panel B. RT2 cells were cultured for 
30 24h then infected with Ad.mda-7 or CMV confrol viruses at 25 m.o.i. The cells were 
irradiated (6 Gy) 24 hours after infection. Cells were isolated 96h after irradiation and 
the integrity of nuclear DNA under each condition determined. Data are from two 
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representative experiments. Panel C. Over-expression of Bc1-xl protects RT2 cells 
from the growth inhibitory eflFects of Cells were cultured for 24h after 

plating then infected with AA.BcI-xl, Ad,mrffl-7 or CMV control viruses at 25 m.o.i. 
The cells were irradiated (6 Gy) 24 hours after infection. Cells were processed 96h 
5 after irradiation via MTT assay to determine cell numbers. Data are the means ± SEM 
of 3 separate experiments. Panel D. Over-expression of Bc1-xl protects RT2 cells 
from the cytotoxic effects of Ad.mda-7, Cells were cultured for 24h after plating then 
infected with Ad,Bcl-xL, A±mda-7 or CMV control viruses at 25 m.o.i. The cells were 
irradiated (6 Gy) 24 hours after infection. Cells were processed 96h after irradiation 

10 and cell viability determined via trypan blue exclusion assay. Data are the means ± 
SEM of 3 separate experiments ^ p < 0.05 greater than control infected cells. 

Figure 16A-B. Free radical scavengers N-acetyl-L-cysteine (NAC) 
abrogate Ad.mda-1 radiosensitization. Cells were cultured for 24h then mfected with 
Ad.mda'7 or CMV control viruses (25 m.o.i.). Cells were incubated for a further 24h 

15 and then thirty minutes prior to irradiation (6 Gy), cells were treated with either 
vehicle (media) or 10 mM N-acetyl cysteine (NAC). Cells were isolated 96h after 
kradiation and processed for either MTT assays or cell viability via trypan blue 
exclusion. Panel A. Radiation and Ad.wrfa-7 suppress RT2 cell growth: NAC 
abolishes the radiation-dependent enhancement in growth suppression. Panel B. 

20 Radiation and AA^mda-l enhance R T2 cell killing: NAC abohshes the radiation- 
dependent enhancement of cell death. Data are the means ± SEM of 3 separate 
experiments * p < 0.05 greater than control mfected cells, ** p < 0.05 less tlian 
correspondmg value m cells not mcubated with NAC. 

Figure 17. Ad^ida-l prolongs animal survival and radiosensitizes 

25 RT2 cells in vivo. Cells were cultured for 24h after plating then infected with 

A±mda-1 or CMV control viruses (25 m.o.i.). Fischer 344 rats were implanted intra- 
craiiially with infected RT2 cells and 4 days after implantation, tlie head of each 
animal was irradiated. Animal survival was noted on a daily basis. Data are the total 
from 4 separate experiments of 4 animals per condition per experiment. Statistical 

30 analyses were performed using the log rank test. ** p < 0,05 greater than unirradiated 
animals; " p < 0.01 greater than Admda-1 alone animals. 
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Figure 18A-B. Expression of MDA-7 and p-galactosidase in RT2 
cells. RT2 cells were cultured for 24h, then infected with Ad.mda-1, Ad.y5- 
galactosidase, or CMV control viruses (0-300 multiplicity of infection (m.o.i.), as 
indicated). Cells were harvested 48 hours after infection. Panel A. Protein samples 
5 were separated using SDS PAGE. The primary antibody was raised in a rabbit versus 
bacterially synthesized GST-MDA-7 fusion protein and immunoblotting performed 
using a purified IgG fraction. Data shown are from a representative experiment (n=3). 
Panel B. Cells (RT2, U251) were infected at the indicated m.o.i. Forty eight h after 
infection cells were fixed, and then stained with X-gal as described to determine tlie 

10 infection rate of RT2 and U25 1 cells. Data shown are ± SEM (n=3). 

Figure 19A-D. Ad.mda-7 suppresses glioma cell growth and enliances 
radiosensitivity. Glioma cells were cultured for 24h after platmg then infected with 
Mmda-l or CMV control viruses at the following multiplicities of infection: Panel 
A. MTT assay, RT2 cells, 25 m.o.i. (38); Panel B. Colony formation assay, RT2 

15 cells, 5 m.o.i. (33); Panel C. MTT assay, U251 cells, 25 m.o.i. Panel D. MTT assay, 
U373 cells, 25 m.o.i. The cells were irradiated, as indicated, 24 hours after mfection. 
MTT and colony formation assays were performed. The values were normalized to 
the control unirradiated cells which is defined as 1.00. MTT data are the means of 12 
data points ± SEM from a representative experiment (n = 3, * p<0.05 less than 

20 corresponding control value). 

Figure 20A-B. Ad.mda-7 causes an increase in glioma cell death that 
is enhanced in a greater than additive fashion by iomzmg radiation. Cells were 
cultured for 24h then infected with kd,mda-l or CMV control viruses (25 m.o.i.). 
The cells were in*adiated (6 Gy) 24 hours after infection. Cells were isolated 96h after 

25 irradiation and cell viability determined by trypan blue exclusion staining and by 
Wright Giemsa staining of fixed cells. Panel A. trypan blue staining RT2 cells, 25 
m.o.i.; Panel B. expression and mtegrity of PARP and p32 pro-caspase 3 in RT2 
cells, 25 m.o.i. Data are the means ± SEM of 3-4 separate experhnents * p < 0.05 
greater than control infected cells. Data are from a representative experiment (n=3). 

30 Figure 21A-B. The combination of Ad.wit/fl-7 and radiation enhance 

RT2 cell numbers in Gi phase and U251 cell numbers in G2/M phase: S phase cell 
numbers are reduced in both cell types. Glioma cells were cultured for 24h then 
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infected with M,mda-1 or CMV control viruses at 25 m.o.i. The cells were irradiated 
(6 Gy) 24 hours after infection. Cells were isolated 24h after irradiation and the cell 
cycle distribution under each condition determined. Panel A. RT2 cell cycle 
distribution. Inset Panel. Expression of p21 and p53 in RT2 cells under each 
5 treatment condition. Panel B. U25 1 cell cycle distribution. Data are the means ± 
SEM of three separate experiments. 

Figure 22A-E. MAPK and PI3K inliibitors sensitize cells to the toxic 
effects of M.mda-7. Cells were cultured for 24h then mfected with Ad.mda-7 or 
CMV control viruses (25 m.o.i.). Cells were incubated for an additional 24h then 
10 treated with either 10 ]im PD98059, 5 ^m LY294002 or both drugs in combination: 30 
min later the cells were irradiated (6 Gy). After irradiation (96h), ceUs were harvested 
for processing. Panel A. Ad.mda-7 enhances p38 and ERKl/2 activity but not that of 
AKT or JNKl/2: radiation abolishes Ad.m«to-7-induced ERKl/2 activity and enhances 
Ad.OTrfa-7-dependent JNKl^ activity. Immunoblotting data are from a representative 
15 experiment (n=3). Panel B. The anti-proliferative effect ofAd.mrfa- 7 is enhanced by 
combined inhibition of MEKl/2 and PI3K. Data are the means ± SEM of 3 
experiments * p < 0.05 less than control treated cells, * p < 0.05 less than 
corresponding value in cells not infected with Ad-mda-7. Panel C. The toxicity of 
Ad.mda-7, as judged by Giemsa staining of fixed cells, is enhanced by combined 
20 inhibition of MEKl/2 and PDK. Data are the means ± SEM of 3 separate 

experiments. Panel D. The toxicity of Ad.mda-7, as judged by trypan blue exclusion 
staining of fixed cells, is enhanced by combined mhibition of MEKl/2 and PI3K. 
Data are the means ± SEM of 3 separate experiments. Panel E. The JMCl/2 inhibitor 
SP600125 abolishes the radiosensitizing effect of Ad.mda-7. Cells were incubated 
25 with vehicle or SP600125 (10 jiM) 30 min prior to irradiation and growth determined 
via MTT assay 4 days after irradiation (± SEM, n=4). 

Figure 23. Transfection of renal cell carcinoma cell lines with a 
plasmid to express MDA-7 results in reduced colony formation. Cells (2 x 10^) were 
plated in triplicate 60 mm dishes and cultured for 24h prior to transfection with 1 \xg 
30 of either control- plasmid (pcDNA 3. 1) or plasmid to express MDA-7 (pcDNA 
i.Vmda-l). Twenty-four hours after transfection, cells were placed into selection 
media (400 ng/ml G41 8) and colony formation examined 14 days later, after fixing 
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and crystal violet staining of colonies (± SEM n=3 * p < 0.05 greater than pcDNA 
3.Vmda-7 transfected cells). 

Figure 24. Coxsackievirus and adenovirus receptor expression is 
reduced in renal carcinoma cells compared to primary renal epithelial cells. Cells 
5 were plated in triplicate 60 mm dishes (-0.2 x 10^) and 24h later infected at the 
indicated multiplicity of infection (m.o.i.) with a recombinant type 5 adenovirus to 
express J3-galactosidase. Forty-eight hours after uifection, cells are fixed and 
processed to determine B-galactosidase expression. Panel A. B-galactosidase staining 
from a representative experiment. Panel B. Graphical data are the means of 3 
10 experiments (± SEM). 

Figure 25A-D. GST-MDA-7 causes a dose-dependent reduction in the 
proUferation of renal carcinoma cells but not primary renal epithelial cells. Cells were 
plated in 12 weU plates (~1 x 10* cells / well) and 24h later treated with increasing 
concentrations of GST and GST-MDA-7 as indicated. Cell growth was detennined 

15 via MTT assay 96h after GST-MDA-7 treatment. Data are the means of .12 wells (one 
plate per condition, ± SEM) from a representative experiment using different 
preparations of GST-MDA-7 (n = 3). Panel A. UOK121N cells. Panel B. A498 cells. 
Panel C. Primary renal epitheUal ceUs. Panel D. Primary rat hepatocytes were isolated 
and cultured as described in Methods. Four hours after plating, hepatocytes were 

20 infected with either control CMV virus or Ad.mda-7 (at a multiplicity of infection of 
50). Five days after infection, the media from the hepatocytes was removed and 
mixed with an equal volume of RCC line culture media. This media was added to 
cultures of A498 and U0K121N cells, plated in 12 well plates (~1 x lO' cells/well), 
24h previously. Cell growth was determined via MTT assay 96h after MDA-7 

15 treatment. Data are the means of 1 2 wells (one plate per condition, ± SEM, * p < 0.05 
less than control CMV media or fresh media) from a representative experiment using 
different hepatocyte infections (n =2). 

Figure 26. Arsenic trioxide causes a concentration-dependent 
reduction in primary and renal carcinoma cell growth. Cells were plated in 12 well 

0 plates (~1 X 10" cells / well) and 24h later treated with increasing concentrations of 
AS2O3 as indicated. Cell growfli was detennined via MTT assay 96h after GST-MDA- 
7 treatment. Data are the means of 12 wells (one plate per condition, ± SEM) from a 

15 
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representative experiment using separate AS2O3 formulations (n = 3). Arsenic trioxide 
caused a dose-dependent enliancement in cell killing at higher concentrations > 10 
jxM. 

Figure 27A-C. GST-MDA-7 and arsenic trioxide interact in a greater 
5 than additive fashion to reduce renal carcinoma cell gi*owth. Cells were plated in 12 
well plates (--1 x 10"^ cells/well) and 24h later treated with increasing concentrations 
of GST, GST-AID A-7 and AS2O3 (0.5 jiM) as indicated. Cell growth was detemiined 
via MTT assay 96h after GST-MDA-7 treatment. Data are the means of 12 wells (one 
plate per condition, ± SEM) from a representative experiment using different 
10 preparations of GST and GST-MDA-7 (n = 3). Panel A. U0K121N cells. Panel B. 
A498 cells. Panel C. primary renal epithelial cells. * p < 0.05 less than GST value 
cells; # p < 0.05 less than corresponding GST-MDA-7 value without AS2O3 co- 
treatment. 

Figure 28A-B. GST-MDA-7 and arsenic trioxide interact in a greater 

15 than additive fashion to enhance renal carcinoma killing that is blocked by the free 
radical scavenger N-acetyl cysteine. Cells were plated in 6 well plates (-5 x 10"^ 
cells/well) and 24h later treated with GST, GST-MDA-7 (both 0.5 nM) and AS2O3 
(0.5 \iM) as indicated. Where indicated, cells were pre-treated with 10 mM N-acetyl 
cysteine 1 h prior to addition of AS2O3. Cells were isolated 96h after GST-MDA-7 

20 treatment. Cell death was determined on isolated fixed cells by Giemsa staining for 
apoptosis and necrosis (presented as a single value) as described (30). Panel A, 
U0K121N cells. Panel B. A498 cells. Data are the means of 6 wells (one plate per 
condition, ± SEM) from a representative experiment using different preparations of 
GST and GST-MDA-7 (n = 3). * p < 0.05 greater than GST value cells; # p < 0,05 

25 greater than corresponding GST-MDA-7 value without AS2O3 co-treatment; ^ P < 0.05 
less than value in cells not incubated with NAC. 

Figure 29A-C. GST-MDA-7 and arsenic trioxide interact to enhance 
cleavage of pro-caspase 3 and PARP in renal carcinoma cells that correlates with 
reduced expression of Bc1-xl and enhanced activity' of p38 and JNKl/2. Cells were 

30 plated in 1 00 nmi plates (^2 x 1 0^ cells/well) and 24h later treated with GST, GST- 
MDA-7 (both 0.5 nM) and AS2O3 (0.5 ^M) as indicated. Cells were isolated 96h after 
GST-MDA-7 treatment. Protein expression levels were determined using Bradford 
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assay for total protein followed by SDS PAGE and immunoblotting. In parallel plates, 
nucleosomal DNA integrity was determined using agarose gel electrophoresis. Panel 
A. Expression of PARP, p32 pro-caspase 3, and Bc1-Xl in RCC lines. Panel B. 
Nucleosomal DNA integrity in RCC lines. Panel C. ERKl/2, JNKl/2 and p38 activity 
5 in RCC lines. Data are from a representative experiment (n=3). 

Figure 30A-B. GST-MDA-7 and arsenic trioxide interact in a greater 
than additive fashion to reduce renal carcinoma cell colony formation ability. Panel A. 
U0K121N cells. Panel B. A498 cells. Cells were plated in 6 well plates (~5 x 10^ 
cells/well) and 24h later treated with GST, GST-MDA-7 (both 0.5 nM) and AS2O3 
10 (0.5 [iM) as indicated. Cells were isolated 96h after GST-MDA-7 treatment and cell 
viability determmed using trypan blue exclusion assay (see Figure 28). Based on 
trypan blue negative viable cell values, 250, 500 and 2000 viable cells were re-plated 
in Linbro plates. The plating density for colony formation assays depended upon the 
prior treatment of the cells and data obtamed in Figures 27 and 28. 10-14 days after 
15 plating, cells were fixed and stained with crystal violet. Colony formation was 

determined using visual counting, and a colony was defined as a group of > 50 cells. 
Data are the means of 3 separate experiments (± SEM). * p < 0.05 less than control 
cells; * p < 0.05 less than AS2O3 or GST-MDA-7 treated cells. 

Figure 31 A-D. ROS induction correlates with Ad.mrfa-7-mduced cell 
20 death in prostate cancer cells. Panel A. Ad.OT</a-7-induced cell death is inhibited by 
antioxidants. Cells were seeded in 96-well plates, pretreated with NAC (5 mM) or 
Tiron (1 mM) for 2 h and mfected with M.mda-1. Forty eight hours later, viability 
was assessed by MTT assay. Panel B. ROS-producing substances enhance A.&.mda-1- 
induced cell death. Cells were seeded in 96-well plates, infected with M.mda-1 and 
25 treated with AS2O3 (10 ^M) or NSC656240 (400 nM). Forty eight h later, viability 
was assessed by MTT assay. Panel C. Treatment of prostate carcinoma cells with 
M.mda-1 induces ROS generation that is blocked by NAC and is enhanced by 
NSC656240 and AS2O3 (ARS). After treatment, cells were stained using DCF-DA and 
analyzed using flow cytometry. Panel D. Antioxidant treatment blocks or significantly 
30 inhibits apoptosis induced by Ad.mda-7 in prostate cancer cells, while NSC656240 
and AS2O3 (ARS) treatment increases apoptosis induced by Ad.mda-7. After 
treatment, cells were washed and stained with Annexm V-FITC conjugate. Late 
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apoptotic and necrotic cells were excluded using PI staining. Results are the mean of 
three independent experiments performed with triplicate samples ± S.E. 

Figure 32. Kinetics of mitochondrial alteration, ROS generation and 
plasma membrane changes induced by AA.mda-1 treatment of prostate cancer and 
5 immortalized normal cells. Cells were infected with Ad.vec or M.mda-1, and 
analyzed using flow cytometry at indicated times. Changes in the mitochondrial 
transmembrane potential A\)/m (closed triangles) were measured with DiOC6(3), ROS 
generation was measured using DCF-DA (open circles, hydrogen peroxide and NO). 
The percentage of apoptotic cells (hatched bars, right Y-axis) was measured using 

10 simultaneous staining with Annexin V-FITC conjugate and PI. Since the data for 
Ad.vec-infected cells were not significantly different from the data for control 
(untreated cells), Ad.wrfa-7-related data is presented in this figure. Results are from a 
single experiment with triplicate samples that varied by < 10%. Qualitatively similar 
results were obtained in two additional experiments. 

15 Figure 33A-C. MPT is an early event in Ad.nirfa-7-induced cell death 

and apoptosis preceding caspase activation. Prostate cancer and normal immortaUzed 
P69 cells were pretreated with inhibitors of MPT CsA (100 nM) or BA (50 iiM), with 
the enhancer of MPT PKl 1 195 (50 \iM) or with the pan-caspase inhibitor z-VAD.fink 
(50 \M) for 2 h foUowmg infection with Ad.vec or Ad.mda-7. Cellular viability was 

20 assessed by MTT assay 48 h after infection (Panel A). Mitochondrial membrane 
potential (DiOC6(3) staining, Panel B) and apoptotic changes (Annexin V staining, 
Panel C) were assessed 18 h (LNCaP ceUs) and 24 h (DU-145, PC-3 and P69 cells) 
after infection. 

Figure 34A-B Bcl-2 and Bc1-xl overexpression differentially protects 
25 prostate cancer cells from Ad./ni/a-7-induced cell death and apoptosis by blocking 
MPT and subsequent ROS generation and a model for Ad.mda-1 induced changes in 
mitochondria cuhninating in apoptosis. Prostate cancer cells stably transfected with 
Bcl-2, BcI-xl or empty vector (neo) were infected with Ad.vec or Ad.mda-7 as 
described and mitochondrial membrane potential (DiOC6(3) staining (Panel A) and 
30 ROS production (DCF-DA staining. Panel B) were assessed 1 8 h (LNCaP cells) and 
24 h (DU-145, PC-3 and P69 cells) after infection. 
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Figure 35. Effect of transduction by A±mda-1 on the growth of the 
ovarian cancer cell line SK0V3 in the presence or absence of N-(4-hydi*oxyphenyl) 
retinamide (4-HPR). 

Figure 36. Combined treatment of pancreatic carcinoma cells by 
5 NSC656240 and AAmda-l causes cell death iirespective of K-m^ status and does'not 
affect the growth of normal cells. 

Figure 37. Combined treatment of pancreatic carcinoma cells by 
NSC656240 or and A±mda-1 causes cell death irrespective of^L.-^ras status, 
and cell death can be prevented by NAC administration. 

Figure 38. Combined treatment by NSC656240 or Ar203 and 
A^mda-l does not affect the growth of normal cells. 

Figure 39. Combined treatment of pancreatic carcinoma cells by 
NSC656240 and Adjuda-l increases levels of annexin V in pancreatic cancer cells 
irrespective ofK-ras status. 

Figure 40. NAC administration prevents the apoptosis of pancreatic 
cancer cells induced by treatment of pancreatic carcinoma cells by NSC656240 or 
AX2O3 and Ad.mrfa-7. 

Figure 41. Combined treatment of pancreatic carcinoma cells by 
NSC656240 or A12O3 and A±mda-7 causes apoptosis irrespective of K-ras status. 
20 Figure 42. NSC656240 treatment, either alone or in combination with 

Ad.mda-7, does not down-regulate K-ras protem expression. 

Figure 43. MDA-7 expression in pancreatic cancer cell lines in the 
presence or absence of Ad.mda-l, Ad.K-ra^AS, or NSC656243. The presence of 
MDA-7 in mutant K-ras cell lines requires expression of both mda-7 and the 
25 antisense K-ras construct, and is potentiated by NSC656243. The presence of MDA- 
7 in wild type K-ras cell lines does not require is not affected by K-ras AS 
expression, but is also potentiated by NSC656243 administration. 

Figure 44. MDA-7 expression m the pancreatic cancer cell lines 
PANC-1 and BxPC-3 in the presence or absence ofAd.mda-7, Ad.K-rasAS, or 
30 NSC656243. 
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Figure 45. The MDA-7 expression observed in the PANC-1 or BxPC- 
3 cell lines following administration of M.mda-l in combination with either 
NSC656240 or Ar203 is abrogated by NAC administration. 

Figure 46. Combined treatment by NSC656240 or Ar203 and 
5 k±mdarl causes. overproduction of ROS in pancreatic carcinoma cells. 

Figure 47. Combined treatment by NSC656240 or Ar203 and 
Ad.mda-7 causes overproduction of ROS in pancreatic carcinoma cells but not in 
normal cells. 

Figure 48. Combined treatment by NSC656240 or A12O3 and 
10 Ad.mda-7 causes overproduction of ROS in pancreatic carcinoma cells but not in 
immoi-talized astrocytes. 

Figure 49. Induction of apoptosis in pancreatic cancer cell lines 
(PANC-1) stably expressing MDA-7, 

Figure SO. Induction of apoptosis in pancreatic cancer cell lines (Mia 
15 PaCa-2) stably expressing MDA-7. 

Figure 51, Induction of apoptosis in pancreatic cancer cell lines 
(FM516 or BxPC-3) stably expressing MDA-7. 

5. DETAILED DESCRIPTION OF THE INVENTION 

20 The present invention relates to methods of treating cancer in a subj ect 

. comprising generating, within one or more cancer cells of a subject, an effective 
amount of MDA-7 protein or functional equivalents thereof, and an effective amount 
of one or more fi ee radicals. Non-luniting examples of means of generating effective 
amounts of MDA-7 within the target cell include the administration of mda-1 nucleic 

25 acid, MDA-7 protein, functional equivalents of these molecules, upregulation of an 
endogenous mda-l gene, or stabilization of the mda-l mRNA. Non-limiting 
examples of sources of free radicals include ionizing radiation, generators of free 
radicals, reactive oxygen species (ROS), generators of ROS, and disruptors of 
mitochondrial membrane potential. An effective amount of mda-l nucleic acid or 

30 MDA-7 protein, as defined herein, is that amount which, together with an effective 
amount of one or more sources of free radicals, including ionizing radiation, free 
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radicals, free radical generators, ROS, generators of ROS, or disrupters of 
mitochondiial membrane potential, inliibits cell proliferation and/or promotes ceil 
death, preferably by at least about 10, 20, 30, 40, 50, 60, 70, 80 or 90 percent. The 
amount of inhibition of cell proliferation and/or promotion of cell death resulting from 
5 combined exposure to a mda-l nucleic acid and/or a MDA~7 protein together with 
ionizing radiation, free radicals, generators of free radicals, ROS, generators of ROS, 
or dismptors of mitochondrial membrane potential is greater than the amount of 
inhibition of cell proliferation and/or promotion of cell death caused by mda-l nucleic 
acid, MDA-7 protein, ionizing radiation, free radicals, generators of free radicals, 

10 ROS, generators of ROS, or dismptors of mitochondrial membrane potential when 
used alone, and in preferred, non-limiting embodiments, the magnitude of the 
combined effective agents are greater than additive relative to the effects of the 
uncombined agents. The term "effective" should not be construed to mean that the 
given amount ofmda-7 nucleic acid or MDA-7 protein or source of free radicals, 

15 including ionizing radiation, a free radical, a free radical generator, a ROS, a ROS 
generator, and/or disrupter of mitochondrial membrane potential, when used alone, 
would be effective, as this might not be the case. 



(2) MDA-7 proteins; 

(3) free radical sources; and 

(4) methods of treatment. 
5,1 77ida'7 Nucleic Acids 

An mda-l gene, as defined herein, is: 1) a nucleic acid as set forth in 
SEQ ID N0:1 (GenBank Accession No. U16261; Jiang et al, 1995, Oncogene 
1 1 :2477-2486); 2) a nucleic acid that encodes MDA-7, which in specific, non-limiting 
embodiments is a protein having 206 amino acids with a size of 23.8 IcDa and an 
amino acid sequence as set forth in SEQ ID N0:2 (GenBank Accession No. U16261; 
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For clarity of description, and not by way of lunitation, the detailed 
description of the invention is divided into the following subsections: 
(1) mda-l nucleic acids; 
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Jiang et al, 1995, Oncogene 11:2477-2486); or 3) functional equivalents thereof. The 
mda-l gene may be a genomic sequence contauiing introns but is more preferably a 
cDNA. The tevm mda-l gene, as used herein, further encompasses nucleic acids 
preferably having between 400 and 2500 nucleotides, more preferably having at least 
5 550, 600 or 650 nucleotides, which retain mda-l function as a growth suppressant and 
pro-apoptotic molecule and which hybridize to a nucleic acid having a sequence as set 
forth in SEQ ID NO:l under stringent hybridization conditions as set forth in 
''Current Protocols in Molecular Biology," Volume 1, Ausubel et al, eds. John 
Wiley:New York NY pp. 2.10,1-2.10.16, first pubhshed in 1989 but with annual 
10 updating, wherein maximum hybridization specificity for DNA samples immobilized 
on nitrocellulose filters may be achieved through the use of repeated washings in a 
solution comprising 0. 1 -2 x SSC (1 5-30 mM NaCl, 1 .5-3 mM sodium citrate, pH 7.0) 
and 0.1% SDS (sodimia dodecylsulfate) at temperatures of 65-68 °C or gi'eater. For 
DNA samples immobilized on nylon filters, a stringent hybridization washing 

15 solution may be comprised on 40 mM NaP04, pH 7.2, 1-2% SDS and 1 mM BDTA. 

In preferred embodiments, mda-1 genes that hybridize under 
conditions of high stringency to the coding region of the nucleic acid sequence of 
SEQ ID N0:1 have at least about 70% sequence identity to the coding region of the 
nucleic acid sequence of SEQ ID N0:1, preferably at least 75%, more preferably at 

20 least 90%, and niost preferably at least 95% sequence identitity to the coding region 
of the nucleic acid sequence of SEQ DD N0:1. The identity between two sequences is 
a direct function of the number of matching or identical positions. When a subunit 
position in both of the two sequences is occupied by the same monomeric subunit, 
eg. if a given position is occupied by an adenine in each of two DNA molecules, then 

25 they are identical at that position. For example, if 7 positions in a sequence 10 
nucleotides in length are identical to the corresponding positions in a second 10- 
nucleotide sequence, then the tv^o sequences have 70% sequence identity. The length 
of compaiison sequences will generally be at least 50 nucleotides, preferably at least 
60 nucleotides, more preferably at least 75 nucleotides, and most preferably 100 

30 nucleotides. Sequence identity is typically measured using sequence analysis software 
(e.g., Sequence Aimlysis Software Package of the Genetics Computer Group, 
University of Wisconsin Biotechnology Center, 1710 University Avenue, Madison, 
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Wis. 53705) or other computer programs and/or algorithms known to those of 
ordinary skill in the art. 

The term mda-1 gene as used herein fiuther appUes to nucleic acids 
containing terminal or internal deletions, insertions or substitutions, provided that 

5 those deletions, insertions or substitutions do not abrogate the ability of the protein 
encoded by the mda-l gene to suppress the growth of or induce apoptosis or cell death 
in a given target cancer cell at a level relative to wild-type MDA-7 protein of at least 
about 10, 20, 30, 40, 50, 60, 70, 80 or 90 percent. For example, nucleic acids 
encoding a secreted fonn of MDA-7 lacking the N-terminal 48 amino acids of the 

10 coding sequence contained in SEQ ID NO: 1 are known in the art ("secreted MDA-7" 
or "sMDA-7") and are also an object of the instant invention, insofar as they retain at 
least about 10% of wild-type MDA-7 biological activity. Nucleic acids encoding 
proteins lackmg. approximately 5, 10, 15, 20 or 25% of the N- or C-terminal amino 
acids of MDA-7 are also objects of the instant invention, provided that they retain at 

15 least about 10% of wild-type MDA-7 biological activity. 

As used herein, "MDA-7 biological activity" is defuied as the ability to 
suppress growth and/or induce apoptosis and/or sensitize cells to the growth- 
suppressive or pro-apoptotic effects of radiation in a diverse group of transformed cell 
types without affecting these same properties in non-transformed cell types of similar 

20 origin. Examples of MDA-7 biological activity may be found, inter alia, in Su et aL, 
1998, Proc. Natl. Acad Sci. U.S,A. 95:14400-14405 (breast cancer but not normal 
breast tissue) or Lebedeva et al, 2002, Oncogene 21:708-718 (melanoma but not 
melanocytes), the contents of which are incorporated by reference herein in their 
entireties. 

25 In certain preferred embodiments, the mda-l gene may be desirably 

comprised within a larger molecule. Thus, to render the mda-l gene expressible, the 
gene may be linked to one of more elements that promote expression. For example, 
the gene may be operably linlced to a suitable promoter element, such as, but not 
limited to, tlie cytomegalovirus immediate early (CMV) promoter, the Rous sarcoma 

30 virus (RSV) long tenninal repeat promoter, the human elongation factor la promoter, 
the hiunan ubiquitin c promoter, etc. It may be desirable, in certain embodiments of 
the invention, to use an inducible promoter. Non-limiting examples of inducible 
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promoters include the murine mammary tumor virus promoter (inducible with 
dexamethasone), commercially-available tetracycline-responsive or ecdysone- 
responsive promoters, etc. It may also be desirable to utilize a promoter which is 
selectively active in the cancer cell to be treated, for example the PEG-3 gene 
5 promoter (U.S. No. 6,472,520). Examples of tissue- and cancer cell-specific 
promoters are well known to those of ordinary skill in the art. 

Other elements that may be included in an 7nc?a-7-bearing vector 
include transcription start sites, stop sites, polyadenylation sites, ribosomal binding 
sites, etc. 

10 Suitable expression vectors include virus-based vectors and non-virus 

based DNA or RNA deliveiy systems. Examples of appropriate virus-based vectors 
include, but are not limited to, those derived jfrom retroviruses, for example Moloney 
murine leulceniia-virus based vectors such as LX, LNSX, LNCX or LXSN (Miller and 
Rosman, 1989, Biotechniques 7:980-989); lentiviruses, for example human 

15 immunodeficiency virus ("HIV"), feline leukemia virus ("FIV") or equine infectious 
anemia virus ("EIAV")-based vectors (Case et al, 1999, Proc. Natl. Acad. Sci. U.S.A. 
96: 22988-2993; Curran et al, 2000, Molecular Ther. 1:31-38; Olsen, 1998, Gene 
Ther. 5:1481-1487; United States Patent Nos. 6,255,071 and 6,025,192); adenoviruses 
(Zhang, 1999, Cancer Gene Ther. 6(2):1 13-138; Connelly, 1999, Cuir. Opin. Mol. 

20 Ther. ^51:565-572; Stratford-Perricaudet, 1990, Human Gene Ther. 1:241-256; 
Rosenfeld, 1991, Science 252:431-434; Wang et al, 1991, Adv. Exp. Med. Biol. 
309:61-66; Jaflfe et al, 1992, Nat. Gen. 1:372-378; Quantin et al, 1992, Proc. Natl. 
Acad. Sci. U.S.A. 89:2581-2584; Rosenfeld et al, 1992, Cell 68:143-155; 
Mastrangeli etal, 1993, J. Clin. Invest. 91:225-234; Ragot et al, 1993, Nature 

25 361:647-650; Hayaski et al, 1994, J. Biol. Chera. 269:23872-23875; Bett et al, 1994, 
Proc. Natl. Acad. Sci. U.S.A. 91:8802-8806), for example Ad5/CMV-based El- 
deleted vectors (Li et al, 1993, Human Gene Ther. 4:403-409); adeno-associated 
viruses, for example pSub201 -based AAV2-derived vectors (Walsh et al, 1992, Proc. 
Natl. Acad. Sci. U.S.A. 89:7257-7261); herpes simplex viruses, for example vectors 

30 based on HSV-1 (Geller and Freese, 1990, Proc. Natl. Acad. Sci. U.S.A. 87:1 149- 
1 153); baculovinises, for example AcMNP V-based vectors (Boyce and Bucher, 1996, 
Proc. Natl. Acad. Sci. U.S.A. 93:2348-2352);,SV40, for example SVluc (Strayer and 
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Milano, 1996, Gene Ther. 3:581-587); Epstein-Barr viruses, for example EBV-based 
replicon vectors (Hambor et al, 1988, Proc. Natl. Acad. Sci. U.S.A. 85:4010-4014); 
alphaviruses, for example Semliki Forest vims- or Sindbis virus-based vectors (Polo 
et al, 1999, Proc. Natl Acad. Sci. U.S.A. 96:4598-4603); vaccinia viruses, for 
5 example modified vaccinia virus (MVA)-based vectors (Sutter and Moss, 1992, Proc. 
Natl. Acad. Sci. U.S.A. 89:10847-10851) or any other class of viruses that can 
efficiently transduce human tumor cells and that can accommodate the nucleic acid 
sequences required for therapeutic efficacy. 

Non-limiting examples of non-virus-based delivery systems which 

10 may be used accprdmg to the invention include, but are not limited to, so-called naked 
nucleic acids (Wolff et al., 1990, Science 247:1465-1468), nucleic acids encapsulated 
in liposomes (Nicolau et al, 1987, Methods in Enzymology 149:157-176), nucleic 
acid/lipid complexes (Legendre and Szoka, 19.92, Pharmaceutical Research 9:1235- 
1242), and nucleic acid/protein complexes (Wu and Wu, 1991, Biother. 3:87-95). 

15 In specific, non-limiting embodiments of the invention, the expression 

vector is an El -deleted human adenovirus vector of serotype 5, although those of 
ordinary skill in the art would recognize that many of the different naturally-occurring 
human Ad serotypes or Ad vectors derived firom non-human adenoviruses may 
substitute for human Ad 5-derived vectors. In a preferred, specific, non-limiting 

20 ' embodiment, a recombinant replication-defective A±mda-7 virus for use as an mda-l 
vector may be created in two steps as described in Su et al, 1998, Proc. Natl. Acad. 
Sci. U.S.A. 95:14400-14405. Specifically, the coding region of the mda-1 gene may 
be cloned into a modified Ad expression vector pAd.CMV (Falck-Pedersen et al, 
1994, Mol. Pharmacol. 45:684-689). This vector contains, in order, the fu-st 355 bp 

25 firom the left end of the Ad genome, the CMV promoter, DNA encoding splice donor 
and acceptor sites, the coding region of the mda-1 cDNA, DNA encoding a polyA 
signal sequence from the 13 globin gene, and -3 kbp of adenovirus sequence extending 
from within the ElB coding region. This arrangement allows high-level expression of 
the cloned sequence by the CMV promoter, and appropriate RNA processing. The 

30 recombinant virus may be created in vitro in 293 cells (Graham et aL, 1977, J. Gen. 
Virol 36:59-72) by homologous recombination between an 7?2rfa-7-containing version 
of pAd.CMV and plasmid pJM17, which contains the whole of the Ad genome cloned 

25 
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into a modified version of pBR322 (McGroryef a/., 1988, Virology 163:614-617). 
pJM17 gives rise to Ad genomes in vivo, but they are too large to be packaged in 
matui-e Ad capsids. This constraint is relieved by recombination with the vector to 
create a packageable genome (Id.) containing the mda-7 gene. The recombinant virus 
is replication defective in human cells except 293 ceUs, which express adenovims 
El A and ElB. Following transfection of the two plasmids, infectious vims may be 
recovered, and the genomes may be analyzed to confirm the recombinant structure, 
and then vims may be plaque purified by standard procedures (Volkert and Young, 
1983, Virology 125:175-193). 

In a specific, non-limiting embodiment of the invention, the infectivity 
of an adenovirus vector carrying an mda-1 gene may be improved by msertmg an 
Arg-Gly-Asp motif into the fiber know (Ad5-Eielta24RGD), as described in Lamfers 
etal., 2002, Cancer Res. 62:5736-5742, 

A nucleic acid comprising an mda-7 gene, as described above, may be 
15 introduced into at least one cancer cell of a subject by methods known in the art. For 
example, but not by way of limitation, a solution comprising an effective amount of 
the nucleic acid comprising mda-7 may be introduced (i) into a cavity resulting from 
the complete or partial surgical excision of a tumor mass, (ii) into a tumor mass by 
direct intratumoral injection, (iii) into the bloodstream of the subject, or (iv) into the 
20 extraceUular spa<;e, if any, surrounding the tumor. In preferred specific embodiments 
of the invention, infection of the target cell may be achieved by exposure to 
approximately 100 plaque-forming units of an adenovims vector comprising an mda-7 
gene. 

25 5.2 MDA-7 protein..; 

The term "MDA-7" as used herein refers to a protein encoded by a 
mda-7 nucleic acid as defined hereinabove. In one specific, non-limiting 
embodiment, MDA-7 has essentially the amino acid sequence of SEQ ID N0:2 as 
provided in Genbank Accession Number U16261 ("wtMDA-7"), or a fimctional 
30 equivalent thereof A "fimctional equivalent" of the MDA-7 protein is a polypeptide 
whose sequence is altered by any deletion, insertion, and/or addition that does not 
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destroy the MDA-7 biological activity of the polypeptide. "MDA-7 biological 
activity," as defined hereinabove, is the ability to suppress growth and/or induce 
apoptosis and/or sensitize cells to the growth-suppressive or pro-apoptotic effects of 
radiation in a diverse group of transformed cell types without affecting these same 
properties in non-transformed cell types of similar origm. One type of functional 
equivalent of MDA-7 contains terminal or internal deletions, insertions or 
substitutions of amino acids, preferably involving up to about 1, 5, 10, 20, 25, or 30% 
of the total number of amino acids of the wtMDA-7 protein, provided that these 
deletions, insertions or substitutions do not abrogate the ability of the protein encoded 
by the mda-1 gene to suppress the growth of or mduce apoptosis or cell death in a 
given target cancer cell at a level relative to wild-type MDA-7 protein of at least 
about 10, 20, 30, 40, 50, 60, 70, 80 or 90 percent. A specific non-limiting example of 
such a functional, equivalent is secreted MDA-7 ("sMDA-7"), which lacks the 48 
amino acids comprising the N-termmus of the MDA-7 polypeptide. 

Another type of fimctional equivalent is MDA-7 comprised in a fusion 
protem. A specific, non-Umiting example of a fimctional equivalent of wt MDA-7 is 
GST-MDA-7, produced by an expression system wherein MDA-7 is fiised to 
glutathione-S-transferase. More preferably, the secretory sequence of MDA-7 is 
deleted in the GST-MDA-7 fusion protein. 

MDA-7 protein for use according to the invention may be produced 
using any method known in the art. A nucleic acid encoding MDA-7, operably Imked 
to a suitable promoter element, may be comprised m an expression vector, and the 
expression vector may then be introduced into a suitable host cell for expression of 
MDA-7. MDA-7 protein may be produced in vitro or, alternatively, the host cell may 
be comprised in the subject to be treated such that MDA-7 protein is produced in vivo. 

Suitable expression vectors for producing MDA-7 protein include 
virus-based vectors and non-virus based DNA or RNA delivery systems. Examples of 
appropriate virus-based vectors include, but are not Imiited to, those derived fi'om 
retrovmises, for example Moloney murine leukemia-virus based vectors such as LX, 
LNSX, LNCX or LXSN (Miller and Rosman, 1989, Biotechniques 7:980-989); 
lentiviruses, for example human immunodeficiency virus ("HIV"), feline leukemia 
virus ("FIV") or equine infectious anemia virus ("EIAV")-based vectors (Case et al.. 
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1999, Proc. Natl Acad. Sci. U.S.A. 96: 22988-2993; Curran et al, 2000, Molecular 
Ther. 1:31-38; Olsen, 1998, Gene Ther. 5:1481-1487; United States Patent Nos. 
6,255,071 and 6,025,192); adenoviruses (Zhang, 1999, Cancer Gene Ther. 6(2):113- 
138; Connelly, 1999, Curr. Opin. Mol. Ther. l£5}:565-572; Stratford-Perricaudet, 
5 1990, Human Gene Ther. 1:241-256; Rosenfeld, 1991, Science 252:431-434; Wang et 
al, 1991, Adv. Exp. Med. Biol. 309:61-66; Jaffe etal, 1992, Nat. Gen. 1:372-378; 
Quantin et al, 1992, Proc. Natl. Acad. Sci. U.S.A. 89:2581-2584; Rosenfeld et al, 
1992, Cell 68:143-155; MastrangeH etal, 1993, J. Clin, hivest. 91:225-234; Ragotef 
al, 1993, Nature 361:647-650; Hayaski et al, 1994, J. Biol. Chem. 269:23872-23875; 
10 Bett et al , 1994, Proc. Natl. Acad. Sci. U.S.A. 91 : 8802-8 806), for example 

Ad5/CMV-based El-deleted vectors (Li et al, 1993, Human Gene Ther. 4:403-409); 
adeno-associated viruses, for example pSub201-based AAV2-derived vectors (Walsh 
et al, 1992, Proc. Natl. Acad. Sci. U.S.A. 89:7257-7261); herpes shnplex viruses, for 
example vectors based on HSV-1 (Geller and Freese, 1990, Proc. Natl. Acad. Sci. 
15 U.S.A. 82: 1 149-1 153); baculovinises, for example AcMNPV-based vectors (Boyce 
and Bucher, 1996, Proc. Natl. Acad. Sci. U.S.A. 93:2348-2352); SV40. for example 
SVluc (Strayer aind Milano, 1996, Gene Ther. 3:581-587); Epstein-Barr viruses, for 
example EBV-based replicon vectors (Hambor et al, 1988, Proc. Natl. Acad. Sci. 
U.S.A. 85:4010-4014); alphavirases, for example Semliki Forest virus- or Sindbis 
20 virus-based vectors (Polo et al, 1999, Proc, Natl, Acad. Sci. U.S.A. 96:4598-4603); 
vaccinia viruses, for example modified vaccinia virus (MVA)-based vectors (Sutter 
and Moss, 1992, Proc, Natl, Acad. Sci. U.S.A. 89:10847-10851) or any other class of 
viruses that can efficiently transduce human tumor cells and that can accommodate 
the nucleic acid sequences required for therapeutic efficacy. 
25 Non-limiting examples of non-virus-based deUvery systems which 

may be used according to the invention to produce MDA-7 protein include, but are 
not limited to, so-called naked nucleic acids (Wolff al, 1990, Science 247:1465- 
1468), nucleic acids encapsulated in liposomes (Nicolau et al, 1987, Methods in 
Enzymology 149:157-176), nucleic acid/lipid complexes (Legendre and Szoka, 1992, 
30 Phamiaceutical Research 9: 1 235-1242), and nucleic acid/protein complexes (Wu and 
Wu, 1991, Biother. 3:87-95), 
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MDA-7 protein also may be produced by yeast or bacterial expression 
systems. For example, bacterial expression may be achieved using plasmids such as 
pCEP4 (Invitrogen, San Diego, CA), pMAMneo (Clontech, Palo Alto, CA; see 
below), pcDNA3.1 (Invitrogen, San Diego, CA), etc. 
5 Depending on the expression system used, nucleic acid may be 

introduced by any standard technique, including transfection, transduction, 
electroporation, bioballistics, microinjection, e/c. 

MDA-7 protein may be used in the context of a culture supernatant, or 
a partially or essentially completely purified protein. Standard techniques may be used 
1 0 to purify the protein. 

In specific, non-limiting embodiments of tlie invention, the expression 
vector is an El-deleted human adenovirus vector of serotype 5, although those of 
ordinary skill in the art would recognize tliat many of the different naturally-occuiring 
human Ad serotypes or Ad vectors derived from non-human adenoviruses may 

15 substitute for human Ad 5-derived vectors. To prepare a human Ad 5-derived vector, 
an expression cassette comprising a transcriptional promoter element operatively 
linked to an MDA-7 coding region and a polyadenylation signal sequence may be 
inserted into the multiple cloning region of an adenovirus vector shuttle plasmid, for 
example pXCJL.l (Berkner, 1988, Biotechniques 6:616-624). In the context of this 

20 plasmid, the expression cassette may be inserted into the DNA sequence homologous 
to the 5' end of the genome of the human serotype 5 adenovirus, disrupting the 
adenovirus Bl gene region. Transfection of fliis shuttle plasmid into the El- 
transcomplementing 293 cell line (Graham et al. , 1977, J. General Virology 36:59- 
74), or another suitable cell line known in the art, in combination with either an 

25 adenovirus vector helper plasmid such as pJMl 7 (Berkner, 1 988, Biotechniques 
6:616-624; McGrory etal, 1988, Virology 163:614-617) or pBHGlO (Bett et al, 
1994, Proc. Natl. Acad. Sci. U.S.A. 91: 8802-8806) or a Clal-digested fragment 
isolated from the adenovirus 5 genome (Berloier, 1988, Biotechniques 6:616-624), 
allows recombination to occur between homologous adenovirus sequences contained 

30 in the adenovirus shuttle plasmid and either the helper plasmid or the adenovirus 
genomic fragment. This recombination event gives rise to a recombinant adenovirus 
genome in which the cassette for the expression of the foreign gene has been inserted 
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in place of a functional El gene. When transcomplemented by the protein products of 
the human adenovirus type 5 El gene (for example, as expressed in 293 cells), these 
recombinant adenovirus vector genomes can repUcate and be packaged into fully- 
uifectious adenovirus particles. The recombinant vector can then be isolated from 
5 contaminating virus particles by one or more rounds of plaque purification (Berlcner, 
1988, Biotechniques 6:616-624), and the vector can be furtlier purified and 
concentrated by density ultracentrifugation. 

In a specific, non-limiting embodiment of the invention, an mda-1 
nucleic acid, in expressible form, may be inserted into the modified Ad expression 
10 vector pAd.CMV (Falck-Pedersen et al, 1994, Mol. Pharmacol. 45 :684-689). This 
vector contains, in order, the first 355 base pairs from the left end of the adenovirus 
genome, the cytomegalovirus immediate early promoter, DNA encoding spUce donor 
and acceptor sites, a cloning site for the mda-1 gene, DNA encoding a 
polyadenylation signal sequence from the beta globin gene, and approximately three 
15 kilobase pairs of adenovirus sequence extending from within the BIB coding region. 
This construct may then be introduced into 293 cells (Qraham et al, J. Gen. 
Virol. 36:59-72) together with plasmid pJM17 (above), such that, as explained above, 
homologous recombination can generate a replication defective adenovirus containing 
MDA-7-encoding nucleic acid. 

-® ^ another specific, non-limiting embodiment of flie invention, where 

mda-1 is to be introduced into cells in culture, a suitable expression vector may be 
prepared by inserting an mda-1 nucleic acid, extending from nucleotide 176 to 
nucleotide 960 in the sequence presented as SEQ ID N0:1, encoding the open reading 
frame, into pCEP4 (Invitiogen, San Diego, CA) downsfream of the CMV promoter. 

!5 Another suitable vector may be the Rous sarcoma virus ("RSV") vector available as 
pREP4 (Invitrbgen). 

In specific preferred non-limiting embodiments, standard cloning 
procedures may be used to generate a bacterial expression vector comprising in-frame 
fusion of the mda-1 ORP 3' to the GST ORF in GST-4T2 vector (Amersham 
0 Pharmacia), using BamHI and NotI sites introduced into mda-1 by PGR. Expression 
of protem may be perfomied by inocuiati:ig an overnight culture at 1:100 dilution 
followed by incubation at 25 "C until an O.D. 600 of 0.4-0,6 was reached followed by 

30 
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induction with 0 . 1 jiM IPTG for 2h. Cells may be harvested by centri&gation and 
sonicated in PBS followed by centrifugation to obtain soluble protein. The lysate may 
be bound to a glutathione-agarose column (Amersham Phannacia) at 4 °C overnight 
followed by washing with 50 volumes PBS and 10 volumes PBS with 500 mM NaCl. 
5 Elution of bound protein may be performed by passing 20 mM-reduced Glutathione 
through the colmrni and collecting 1 ml fractions. Fractions may be analyzed by gel 
electrophoresis and positive samples may be dialyzed against 1000 volumes of PBS 
for 4h with one change followed by 500 volumes of DMEM for 4h. MDA-7 may be 
freed of GST using a site-specific protease that recognizes a region upstream of the 
10 multiple-cloning site of pGEX plasmids. Detailed information regarding the use of the 
pGEX system may be found in the GST Gene Fusion Handbook published by 
Amersham Biosciences. 

If produced in vivo, MDA-7 may be present in the extracellular fluid of 
a cancer cell to be treated. 

15 

5.3 Free Radical Sources 

Concurrent with, prior to, or after exposure of the cancer cell to an 
effective amount of a mda-1 nucleic acid, MDA-7 protein, or compounds that induce 
the expression of the mda-1 gene, the cancer cell also may be exposed, in vivo or ex 

20 vivo, to an effective amount of one or more sources of free radicals, including but not 
limited to ionizing radiation, a free radical, a generator of a free radical, a ROS, a 
generator of a ROS, or a disruptor of mitochondrial membrane potential. 

An effective amount of one or more sources of free radicals is that 
amount which, .together with an effective amount of mda-7 nucleic acid or MDA-7 

J5 protein, inhibits cell proliferation and/or promotes cell death, preferably by at least 
about 10, 20, 30. 40, 50, 60, 70, 80 or 90 percent. The amount of inhibition of cell 
proliferation and/or promotion of cell death resulting from combined exposure to the 
one or more sources of free radicals and the mda-1 nucleic acid and/or a MDA-7 
protein is greater than the amount of inhibition of cell proliferation and/or promotion 

10 of cell death caused by the exposure to the one or more somces of free radicals, mda- 
7 nucleic acid, MDA-7 protein, ionizing radiation, free radicals, generators of free 
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radicals, ROS, generators of ROS, or disrupters of mitochondrial membrane potential 
when used alone, and m preferred, non-limiting embodiments, the magnitude of the 
combined effective agents are greater than additive relative to the effects of the 
uncombined agents. The term "effective" should not be construed to mean that the 
given amount of one or more sources of free radicals, vtda-1 nucleic acid, or MDA-7 
protein, when used alone, would be effective, as this might not be the case. 

Sources of free radicals that effectively synergize with mda-1 nucleic 
acid or AIDA-? protein may be identified by one of ordinary skill in the art by 
administering to a cultured cell line known to be susceptible to mda-1 nucleic acid or 
MDA-7 protein in combination with one or more sources of free radicals, for example 
but not by way of limitation the human glioma cell lines U87MG, U251MG, 
U373MG or T98G, a test source of free radicals in combination wifli an effective 
aiTiount of mda-1 nucleic acid or an effective amount of the MDA-7 protein. 
Administration of the test source of free radicals is performed in the presence or 
15 absence of a known inhibitor of free radicals, for example but not by way of 

limitation, N-acetyl-cysteine. A source of free radicals encompassed by the present 
invention would be one whose anti-proliferative or pro-apoptotic activity in 
combination with mda-1 nucleic acid or MDA-7 protein is reduced or prevented by 
administration of N-acetyi-cysteine or any other known inhibitor of free radicals. 

Examples of free radical generators include, but are not limited to 
arsenic trioxide, NSC656240, 4-HPR, and cisplatin. Examples of ROS include but are 
not limited to singlet oxygen, hydrogen peroxide, superoxide anion, hydroxyl radicals, 
peroxynitrite, and oxidants. 

In preferred embodiments, the free radical generators are arsenic 
25 trioxide, NSC656240 or 4-HPR. hi other preferred embodiments, the disruptor of 
mitochondrial membrane potential is PK 11 1.95. 

5.4 Methods of Treatment 

Cancers that may be treated according to the present invention include 
30 but are not limited to all MDA-7-responsive cancers that are sensitive to one or more 
sources of free radicals, including ionizing radiation, free radicals, generators of free 
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radicals, ROS, generators of ROS, and/or dismptors of mitochondrial membrane 
potential. In addition, the invention may be applied to other cancers wherein any of 
these agents alone may be ineffective, but the combination of MDA-7 and one or 
more of these other agents causes cancer ceil death. Examples of cancers that are 
5 fully, partially or conditionally responsive to MDA-7 include, but are not limited to, 
melanoma, breast cancer, pancreatic cancer, prostate cancer, glioblastoma, lung 
cancer (including but not limited to small cell and non-small cell (adenocarcinoma, 
squamous cell, and large cell) varieties), Hodgkin's lymphoma, non-Hodgkins 
lymphoma, cancer of the esophagus, head and neck cancer, thyroid cancer, leukemia, 

10 ovaiian cancer, testicular cancer, gastric cancer, liver cancer (includmg but not limited 
to hepatocellular carcinoma, cholangiocarcinoma, and angiosarcoma), sarcomas, renal 
cancer, bladder cancer, and colorectal cancer. Where tlie cancer cell target carries an 
activatmg mutation in ras, in specific, non-Hniiting embodiments, an inhibitor of raj 
may be administered to the cell, for example as set forth in International Patent 

15 Application No. PCT/US02/26454, Publication No. WO 0316499, incorporated by 
reference herein. 

Examples of cancers that are, or may be, sensitive to one or more 
sources of free radicals, including, but not limited to, ionizing radiation, free radicals, 
generators of free radicals, ROS, generators of ROS, or dismptors of mitochondrial 

20 membrane potential include, but are not limited to, acute promyelocytic leukemia, 
bladder cancer, cervical cancer, colorectal cancer, esophageal cancer, gastric cancer, 
glioma, hepatocellular carcinoma, lung adenocarcinoma, multiple myeloma, 
nasopharyngeal cancer, neuroblastoma, osteosarcoma, ovarian cancer, 
progranulocytic leukemia, prostate cancer, renal cell carcinoma, retinoblastoma, 

25 rhabdomyosarcoma, squamous cell carcinoma, and transitional cell carcinoma. In 
preferred non-limiting embodhnents, the invention is used in the treatment of renal 
cell carcinoma, gUoblastoma multiforme, ovarian cancer, prostate cancer, pancreatic 
cancer, and colorectal cancer. 

The one or more sources of free radicals may be administered 

30 intravenously, intratumorally, intraperitoneally, parenterally, mtramuscularly, 
snbcutaneously, or by any other suitable route of administration. When the free 
radical generator is ionizing radiation, an effective dose of radiation may be provided 
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as used in tlie standard radiotherapy for the tumor or cancer to be treated, either 
externally or intraoperatively. 

The interval between introduction of mda-7 nucleic acid or MDA-7 
protein and exposure to radiation may be at least about 30 minutes, or at least about 6- 
5 12 hours, and more preferably at least about 24 hours to 7 days, hi non-limiting 
embodiments, a cancer cell maybe exposed to between 2 and 100 Gy in a single 
treatment or as a result of multiple treatments. In one specific non-limiting 
embodiment of the invention, one external treatment of 2.0 Gy maybe administered 
each of 5 days a week for six weeks for a total of 60 Gy. If mtraoperative radiation is 
10 administered, the amount administered may be between 3 and 15 Gy total, and 
preferably 6 Gy. 

When the free radical generator is arsenic trioxide, it should be 
administered intravenously, intratumorally or intraperitoneaUy at doses between about 
0.05 to 0.5 mg/kg/day, or more preferably between about 0.10 and 0.25 mg/kg/day, 

15 and most preferably of about 0.15 mg/kg/day or less, with the dose being adjusted as 
necessary to achieve an extraceUular concentration of between about 0.01 and 10 ^M, 
or preferably between about 0. 1 and 1.0 ^iM or less at the target cell. For other agents, 
an effective amount, in the presence of MDA-7, preferably but not by limitation 
decreases the viabiKty of a cancer cell line by at least about 20% or 30% relative to 

20 MDA-7 alone. 

According to the invention, the amount of MDA-7 protein in a cell 
may be increased by exposing the cancer cell to an effective amount of a mda-1 
nucleic acid, in expressible form, or MDA-7 protein. An effective amount is an 
amount which, when administered with one or more sources of free radicals 

25 ultimately has a growth suppressive effect on the cancer cell. An effective amount of 
a mda-1 nucleic acid or MDA-7 protein may exert its own growtii suppressive effect, 
but this is not necessary to practice within the scope of this invention. Rather, the 
amount of a mda-1 nucleic acid or MDA-7 protein, to be effective, merely must 
enhance the effectiveness of the one or more sources of free radicals in suppressing 

30 cell proliferation and/or promoting apoptosis. Effective amounts may be determined 
using techniques known to tiiose of skill in the art, and may include, for example but 
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not by way of limitation, in vivo animal models or in vitro assays using cultured cell 
lines. 

For example, and not by way of limitation, where mda-1 is to be 
introduced into' a cancer cell via a viral vector, the amount of virus to which the cell is 
exposed may be between about 1-100,000 viral particles or plaque-forming units (pfu) 
per cell, and preferably between about 100-250 pfli/cell. In the worlcing examples set 
forth in Section 6, below, 100 pfu/cell of mcld-7 comprised in a replication-defective 
adenovirus vector was used. 

Where MDA-7 is to be introduced into the cancer cell as a protein, the 
dose of the protein may be between 0.05 to 50, or between 0.1 and 10, or preferably 
between about 0.1 and 1, micrograms of protein per milliliter, or concentrations of 
MDA-7 or MDA-7/GST fusion protein of between about 0.05 to 5 nM, or between 
about 0. 1 and 1 nM, or preferably of about 0.5 nM. The protein may be comprised in 
a suitable carrier. Alternatively, MDA-7 maybe comprised in extracellular fluid of a 
15 cancer cell to be treated. 

To expose a cancer cell to an effective amount of mda-1 nucleic acid 
or MDA-7 protein, the mda-1 nucleic acid or MDA-7 protein may be introduced into 
a subject either by direct injection into a tumor or in proximity to cancer cells; by 
infiision into a site of partial or complete tumor excision; by infiision into a subject's 
20 bloodstream; by infiision into a body space, such as into the peritoneum, gastric, 
puhnonary or intestinal lavage, instillation into the bladder, injection into bone 
marrow, or infusion into cerebrospinal fluid; or by introducing, in vivo or ex vivo, an 
mda-1 gene, in expressible form, into a host cell, which may be non-malignant or 
rendered non-dangerous by irradiation, encapsulation, etc. The host cell may normally 
reside in proximity to cancer cells to be h-eated or which may be placed in such 
position. The host cell, by producing and secreting MDA-7, provides MDA-7 protein 
to cells to be treated. Sufficient host cells expressing mda-1 gene at sufficient levels 
may be used to provide an effective amount of MDA-7 protein. 

Alternatively, a cancer cell may be exposed to mda-1 nucleic acid or 
MDA-7 protein ex vivo. For example, a cancer cell comprised in a population of cells 
heterogeneous for malignaiit and non-malignant ceUs may be coUected from a subject. 
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treated ex vivo according to the invention, and then reintroduced into the subject, with 
an aim toward selectively destroying maUgnant cells. 

Treatment with mda-7 nucleic acid or MDA-7 protein and one or more 
sources of free radicals, including but not limited to ionizing radiation, a free radical, 
5 a free radical generator, a ROS, a generator of a ROS, or a disrupter of mitochondrial 
membrane potential may be combined with other forms of therapy, including but not 
limited to surgery, gene therapy, chemotherapy, and anti-sense therapy. 

The mda-7 nucleic acid or MDA-7 protein may be provided as a 
phamiaceutical composition, comprising the inda-l gene in expressible form, the 

10 MDA-7 protein, or a combination thereof, together vidth pharmaceutically acceptable 
carriers or excipients, in a pharmaceutically acceptable sterile vehicle. 
Pharmaceutically acceptable carriers include aqueous solutions, non-toxic excipients, 
including salts, preservatives, buffers and the like, as described in Remington's 
Pharmaceutical Sciences, pp, 1405-12 and 1461-87 (1975) and The National 

15 Formulary XIV, 1 4th Ed. Washington: American Pharmaceutical Association (1975). 
Aqueous carriers include water, alcoholic/aqueous solutions, saline solutions, 
parenteral vehicles such as sodium chloride. Ringer's dextrose, etc. The 
pharmaceutical composition may be preferably administered to patients via 
continuous intravenous infusion, but can also be administered by single or multiple 

20 injections. Intravenous vehicles include fluid and nutrient replenishers. Preservatives 
include antimicrobials, anti-oxidants, chelating agents and inert gases. The pH and 
exact concentration of the various components of the composition are adjusted 
according to routine skills in the art. See Goodman and Oilman's The 
Pharmacological Basis for Therapeutics (7th ed.). The nulceic acids or peptides of the 

25 present invention may be present in pharmaceutical compositions in a concentration 
of approximately 0.1 to 99.9% by weight, specifically 0.5 to 95% by weight, relative 
to the total mixture. Such pharmaceutical compositions also may comprise other 
phannaceutically active substances in addition to the nucleic acids or peptides of the 
present invention. Other methods of deUvering the pharmaceutical compositions to 

30 patients also will be readily apparent to the skilled artisan. 

6. WORKING EXAMPLES 
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6.1. Example 1: Radiotherapy in Combination with MDA-7 Nucleic 
Acid or Protein as a Treatment for Glioblastoma 
Multiforme 

Materials and Methods 



5 Cell Lines and Culture Conditions. Fetal astrocytes were isolated from 

second trimester (gestational age 16-19 wk) human fetal brains obtained from elective 
abortions in full compliance with NTH guidelines, as previously described (Bencheikh 
et al. 1999, NeuroVirol. 5:115-124; Canki et ai, 2001, J. Virol. 75:7925-7933; Su et 
ai. 2002, Oncogene 21:3592-3602). Highly homogenous preparations of primary 
10 normal human fetal asti-ocytes, PHFA, were obtained using high-density culture 
conditions in the absence of growth factors in F12 Dulbecco's Modified Eagle 
Medium (GBCO-BRL, Gaithersburg, MD) containing 10% fetal bovine serum 
(FBS), penicilUn, streptomycin, and gentamycin. Cells were maintained in this 
medium at 2-5 X 10^ cells/cm^ and subcultured weekly up to 6 times. Cultures were 
15 regularly monitored for expression of the astrocytic marker glial fibrillary acidic 
protein (GFAP) and either HAM56 or CD68 to identify cells of 
monocyte/macrophage lineage. Only cultures that contained > 99% GFAP positive 
astrocytes and rare or no detectable HAM56 or CD68 positive cells were used in 
experiments (Canlci et al, 2001, J. Virol. 25:7925-7933; Su et al.. 2002, Oncogene 
20 21:3592-3602). A putative immortaUzed clone of PUFA, PHFA-Im, was obtained by 
infection with a retrovirus Q)Babe-hygro-hTERT) expressing the human telomerase 
(hTERT) gene (Hahn et al. 1999, Nature 4Q0:464-468). Pseudotyped retrovirus was 
obtained by transfection of 293GPG cells with pBabe-hygro-hTERT plasmid as 
described (Ory et al., 1996, Proc. Natl. Acad. Sci. USA 93: 1 1400-1 1406), which were 
25 used for infection of PHFA cells and selection of clones with hygromycin at 200 
Mg/ml for two weeks, followed by isolation of individual colonies using cloning 
cylinders. These were expanded and frozen at low passage. Cell Hues were tested for 
expression of hTERT by Northern blot analyses and survival of colonies over several 
passages (primary astrocytes do not survive extended serial passage > -10). PHFA-hn 
30 cells have now been cultured for >50 passages, whereas proiiteration of PHFA 
usually did not occur past ~7 passages. The wtp53 human glioma cell line U87MG 
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and the mutp53 human glioma cell lines U251MG, U373MG and T98G were obtained 
from the Amexican Type Culture Collection. These cell lines were grown in 
Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum 
(DMEM-10) at 37 "C in a 95% air 5% CO, humidified incubator. 
5 Virus Construction. Plaque Assays and Virus Infection Protocol. The 

recombinant replication-defective Ad.mda-7 virus was created in two steps as 
described previously (Su et al, 1998, Proc. Natl. Acad. Sci. U.S.A. 95:14400-14405). 
Briefly, the coding region of the mda-7 gene was cloned into a modified Ad 
expression vector pAd.CMV (Falck-Pedersen et al, 1994, Mol. Pharmacol. 45:684. 
10 689). This vector contains, in order, the first 355 bp fi-om the left end of the Ad 

genome, the cytomegalovirus immediate early promoter, DNA encoding splice donor 
and acceptor sites, the coding region of the mda-7 cDNA, DNA encoding a polyA 
signal sequence from the p globin gene, and ~3 kbp of adenovirus sequence extending 
from within the ElB codmg region. This arrangement allows high-level expression of 
15 the cloned sequence by the cytomegalovirus immediate early gene promoter, and 
appropriate RNA processing (Falck-Pedersen et al., 1994, Mol. Pharmacol. 45:684- 
689). The recombinant virus was created in vivo in 293 ceUs (Graham et al, 1977, J. 
Gen. Virol. 36:59-72) by homologous recombmation between mda-7-containing 
vector and plasmid pJM17, which contains the whole of the Ad genome cloned into a 
20 modified version of pBR322 (McGrory et al, 1988, Virology 163:614-617). pJM17 
gives rise to Ad genomes in vivo but they are too large to package. This constraint is 
reheved by recombination with the vector to create a packageable genome (McGrory 
etal, 1988, Virology 163:614-617), containing the mda-7 gene. The recombinant 
virus is replication defective in human cells except 293 cells, which express 
25 adenovfrus El A and ElB. Following transfection of the two plasmids, infectious virus 
was recovered, the genomes were analyzed to confirm the recombmant structure, and 
then virus was plaque purified, all by standard procedures (Volkert and Young, 1 983 
Virology 125:175-193). Stock virus preparations were diluted in the appropriate 
growth medium in the presence or absence of 1% fetal bovme serum and moculated 
30 onto cell monolayers at the indicated m.o.i. After 1-3 hr virus adsorption at 37 »C 
with rotation every 15 mir., tlie virus inoculum was removed and DMEM-IO was 
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added to the infected monolayer cultures and cells were incubated at 37 °C for the 
indicated times. 

RNA Isolation and Northern Blotting Assays. For detennining temporal 
effects of mda-l mRNA expression following kd.mda-'l infection, total cellular RNA 
5 was isolated by the guanidinium/phenol exti'action method and Northern blotting was 
perfonned as described in Su et al, 1997, Proc. Natl. Acad. Sci. USA 94:9125-9130. 
Fifteen \xg of RNA were denatured and electrophoresed in 1.2% agarose gels with 3% 
formaldehyde, transferred to nylon membranes and hybridized sequentially with ^^P- 
labeled mda-l cDNA probe, the blot was stripped and reprobed with a ^^P-labeled 

10 gapdh probe as described previously (Su et al, 1997, Proc. Natl. Acad. Sci. USA 
94:9125-9130; Su et al, 1999, Proc. Natl. Acad. Sci. USA 96:1511545120). For 
analysis of GADD family gene expression, total RNA was extracted from tlie cells by 
Qiagen RNeasy mini kit according to the manufactui'er's protocol. Ten ^g of total 
RNA for each sample was used for Northern blotting as previously described (Su et 

15 fl/., 1997, Proc. Natl. Acad. Sci. USA 94:9125-9130). Blots were probed with a- 

32 

P[dCTP]-labeIed cDNA probes, including, full-length human mda-1, GADD153, 
GADD45a and a 500-bp fragment firom human GADD34. Blots were stripped and 
reprobed with an a-^^P[dCTP]-Iabeled human GAPDH probe. Following 
hybridization, the filters were washed and exposed for autoradiography. 

^° C^^l Cycle Analysis. Cells were trypsinized, washed 2X with PBS and 

fixed in 70% ethanol overnight at -20 "C. Then cells were washed 2X witli PBS, and 
aliquots of 1 x 10* cells were resuspended in 1 ml of PBS containing 1 mg/ml of 
RNase A and 0.5 mg/ml of propidium iodide. After 30 min incubation, cells were 
analyzed by flow cytometry using a FACScan flow cytometer (Becton Dickinson, San 

25 Jose, CA). 

Annexin-V Binding Assay. Cells were trypsinized and washed once 
with complete media. The aUquots of the cells (5 x 10^) were resuspended in 
complete media (0.5 ml) and stained with FITC-labeled Annexin-V (kit from 
Oncogene Research Products, Boston, MA) according to the manufacturer's 
30 instructions. Propidium iodide (PI) was added to the samples after staining with 
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Annexin-V to exclude late apoptotic and necrotic cells. The FACS assay was 
performed immediately after staining. 

Detection of CAR Receptors on the Cell Surface. Ceils were harvested 
by trypsinization, washed 2X with PBS and stained with 1 : 1 000 dilution of 
monoclonal anti-CAR antibody, for 1 h at 37 °C. After additional washings with PBS 
(2x5 min), cells were stained in the dark for 1 h at 37 °C with a 1 :500 dilution of 
fluorescein-labeled goat anti-mouse immunoglobulins (BioSource International, 
CamariUo, CA). After washings with PBS, cells were analyzed by flow cytometry (5 
X 10^ cells per sample). Unstained cells and cells stained with monoclonal anti-SV40 
antibody (Santa Cniz, CA) and with secondary antibody only were used as controls. 
Two methods were employed for semi-quantitation of the results (Lebedeva et ai., 
2002, Oncogene 21 :708-718). The shift of FLl peak was calculated as difference in 
peak channels between the control (cells unstained or stained with non-specific 
antibody) and the experimental cells stained with anti-CAR antibody relative to the 
15 position of the control cell peak channel. The second method uses the Kohnogorov- 
Smimov (K-S) test for overlaid histograms (Young, 1977, J. Histochem. Cytochem 
25:935-941). The calculation computes the summation of the overlaid curves and 
determines the greatest difference between the summation curves (K-S statistics). D 
value indicates the greatest difference between the two curves. 

^•s^.y- After the different treatment protocols, cells were 
trypsinized, washed twice with PBS/1% BSA and resuspended in PBS/1% BSA. 
Suspended cells (1 x 10«) were fixed with an equal amount of a freshly prepared 
parafonnaldehyde solution (4% in PBS, pH 7.4). After 30 min incubation at room 
temperature, cells were washed with PBS and resuspended in permeabiUzation 
solution (0.1% Triton® X-100 in 0.1% sodium citrate) for 2 min on ice. After another 
wash with PBS, cells were labeled using fluorescein cell death detection kit 
(Boehringer Mannheim) according to the manufacturer's instructions. After the 
labehng, cells were analyzed by flow cytometry using a FACScan flow cytometer 
(Becton Dickinson, San Jose, CA). 

Expression. Purification and Analysis ofGST-MDA-7 Protein. 
Standard cloning procedures were used to generate a bacterial expression vector 



25 



40 



wo 2004/060269 W W PCT/US2003/028512 



comprising in-frame fusion of the mda-1 ORF 3 ' to the GST ORF in GST-4T2 vector 
(Amersham Pharmacia), using Bamm and Notl sites introduced into mda-1 by PCR. 
Expression of protein was performed by inoculating an overnight culture at 1 :100 
dilution foUowed by incubation at 25 °C until an O.D. eoo of 0.4-0.6 was reached 
5 followed by induction with 0. 1 ^lM IPTG for 2h. Cells were harvested by 

centrifugation and sonicated in PBS followed by centrifiigation to obtain soluble 
protein. The lysate was bound to a Glutathione-agarose colunni (Amersham 
Pharmacia) at 4 °C overnight followed by washing with 50 volumes PBS and 10 
volumes PBS with 500 mM NaCl. Elution of bound protein was perfonned by passing 
10 20 mM-reduced Glutathione through the column and collecting 1 ml fractions. 

Fractions were analyzed by gel electrophoresis and positive samples were dialyzed 
against 1000 volumes of PBS for 4h with one change followed by 500 volumes of 
DMEM for 4h. Protein concentration was estimated by Bradford assays as well as gel 
electrophoresis in conjunction with Coomassie blue staining. Samples were tested for 
15 activity using GST protein as control. Each batch of protein had a certain effective 
working concentration (cell killing) ranging from 2 to 10 ng/ml. 

Western Blot Analysis. Western blot assays were performed as 
previously described (Lebedeva et al, 2002, Oncogene 21:708-718). Cells were 
washed 2 X with cold PBS and lysed on ice for 30 min in 100 ^il of cold RIPA buffer 
20 [50 mM Tris-HCI (pH 8.0), 150 mM NaCl, 0.1% SDS, 1% NP40, and 0.5% sodimn 
deoxycholate] with freshly added 0.1 mg/ml phenylmethylsulfonyl fluoride, 1 mM 
sodium orthovanadate, and 1 mg/ml aprotinin. Cell debris were removed by 
centrifiigation at 14,000g for 10 min at 4°C. Protein concentrations were determined 
using the Bio-Rad protein assay system (Bio-Rad Laboratories. Richmond, OA). 
25 Aliquots of cell extracts containing 20-50 mg of total protein were resolved in 12% 
SDS-PAGE and transferred to Immobilon-P PVDF membranes (Millipore Corp., 
Bedford, MA). Filters were blocked for 1 h at room temperature in Blotto A [5% 
nonfat milk powder in TBS-T: 10 mM Tris-HCI pH 8.0), 150 mM NaCl, 0.05% 
Tween 20], and then incubated for 1 h at room temperature in Blotto A containing a 
30 1:1000 dilution of rabbit anti MDA-l, mti-Bcl-l, anti-5c/-XL, anti-^^, or mU-BAK 
polyclonal antibodies. Atler washing in TBS-T buffer (3 x 5 min, RT), filters were 
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incubated for 1 h at room temperature in Blotto A containing a 1 :10,000 dilution of 
peroxidase conjugated anti-rabbit secondary antibody (Amersham, Arlington Heights. 
IL). After washing in TBS-T, ECL was performed according to the manufacturer's 
recommendation. 5c/-faniily proteins expression as determined by Western blot 
analysis was quantitatively analyzed via laser-scanning densitometry using NIH 
Image Version 1.61 software. All results were normalized to EF-la protein 
expression. 

Radiosensitization Assay. U87MG and U25 IMG cells were plated at 
10" cells/well of a 12 well plate (Fisher Scientific) and cultured as described above. 
Twenty-four hours after plating, cells were infected at an m.o.i. of 50 pfu/cell (based 
on the initial plating of lO'* cells). This is pmbably an over-estimate of the pfu/cell. 
Alternatively, cells were treated with either purified GST or GST-MDA-7 (0.25 
pg/ml. final concentration) in media. Twenty-four h after infection or protein 
treatment, cells were exposed to radiation or mock inadiated (6 Gy), at a dose rate of 
2. 1 Gy/min using a Picker «°Co source. Four days after iiradiation cells were 
processed to determine: (a) their growth via MTT assays and (b) their viability by 
Wright Giemsa staining of fixed cells (Carter et al. 1998, Oncogene 16:2787-2796- 
Vr^a et al.. 1999, Radiat. Res. 151:559-569; Dai etal., 2001, Cancer Res. 61-5106- 
5115). ~ 

Wright Giemsa Staining of Cells to Determine Apoptosis. Cells were 
isolated 96 h after irradiation by trypsinization followed by centrifiigation onto glass 
shdes (cytospin). The slides were fixed and stained in Diff-Quik Stain Set (Dade 
Diagnostics of P.P. Inc, Aguada, PR, USA), according to the manufacturerDs 
instructions, and evaluated under a light microscope for the presence of the classical 
morphological features of apoptosis (Rosato et al.. 2001, Intl. J. Oncology 19:181- 
191). For each condition, five to ten randomly selected fields of fixed cells were 
examined (at least -150 cells per field, n = 5-10 per slide). 

MTT Assay to Determine Cell Growth. Cells were grown in 12 weU 
plates and 96 h after irradiation prepared for MIT assays. A 5-mg/ml stock solution 
of MTT reagent (3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyltetrazoUum bromide- 
thiazolyi blue) was prepared in DMEM For assay of mitochondrial dehydrogenase 
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function, the MTT Stock solution is diluted 1:10 in fresh media (DMEM + 10% fetal 
calf serum) and 1 ml of this solution is added to each aspirated well of a 12 well plate. 
Cells are incubated for a further 3 h at 37 "C. MTT is converted into an insoluble 
purple fonnazan by cleavage of the tetrazolium ring by mitochondrial dehydrogenase 
5 enzymes. After 3 h, media is aspirated and cells lysed with 1 ml DMSO, releasing the 
purple product from the cells. Cells are incubated for a further 10 nun at 37 °C with 
gentle shaking. Absorbance readings at 540 nM are determined using a computer 
controlled micro-plate analyzer. The relationship between cell number and MTT 
absorbance/mitochondrial enzyme activity was linear over the range of 10^-10^ cells. 
10 Results 

Effect of adenovirus administered mda-7 and wtp53 on growth and 
transgene expression in PHFA. PHFA-Im and malignant gliomas. TTie effect of 
Ad.mda-7 and Ad.wtp53 on growth of early passage (#4) PHFA and PHFA-Im (>25 
passages in culture), and wtp53, U87MG, and mutp53, U251MG. U373MG and 
15 T98G, human gliomas is shown in Figure 1. Infection of early passage nonnal human 
fetal astrocytes with either virus resulted in modest growth suppression, without 
decreasing viability. In the case of H-TERT-immortalized PHFA, PHFA-Iin, 
increased growth suppression was observed versus early passage PHFA foUowmg 
infection wilh Ad.mda-7 or Ad.wtp53. Ih contrast, infection of both wtp53 and 
20 mutp53 gliomas with Ad.mda-7 resulted in enhanced growth suppression (Figure 1) 
Although quantitatively more effective in reducing growth than mda-7 in mutp53 
ghomas. Ad.wtp53 induced significantly less growth inhibition in U87MG cells than 
observed following infection with Ad.mda-7 (Figure 1). 

Experiments were perfomied to define a potential mechanism 
25 underlying the differential effect oimda-1 on the growth of normal astrocytes versus 
mahgnant gliomas. Infection of PHFA and PHFA-hn with 100 pfu/cell of Ad mda-l 
resulted in readily detectable mda-l mRNA six h post-infection (hpi). with maximum 
expression evident by 48 hpi (Figure 2A. B). m contrast, mda-l mRNA was detected 
by 12 hpi in U87MG and U251MG cells with maximum expression by 96 hpi (Figure 
30 2C, D). As observed in nomial astrocytes. 6 hpi with 100 pfu/cell of Ad.;«db-7 
resulted in mda^ ^.^^ ^E. F). ITiese data 

document that the differential effect of mda-7 on normal astrocytes versus malignant 
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gliomas is not a consequence of differentia] expression of the mda-l transgene in 
nonnal cells as compared with their cancerous counterparts. Analysis of coxsackie- 
adenovirus receptors (CAR), which mediate adenovirus attachment and uptake in 
cells (Hidaka et al. 1999, J. Clin. Invest. 103:579-587; Li et al, 1999; Pearson et ai. 
5 1999, Clin. Cancer Res. 5: 4208-4213; Fechner et al, 2000, Gene Ther. 7: 1954- 
1968), by FACS analysis indicated the following order relative to numbers of and 
binding to CAR receptors, T98G > U373MG > U25 IMG > PHFA > U87MG > 
PHFA-Im (Table 1). Since U87MG cells are inhibited to a greater extent than PHFA 
or PHFA-Im and expression of mda-l is observed more rapidly in PHFA and PHFA- 

10 than in U87MG or U251MG cells, a simple relationship between virus uptake, 
transgene expression and differential growth inhibition is not apparent. This 
conclusion is further supported by analysis of levels of intracellular and secreted 
MDA-7 protein in PHFA-Im versus the maUgnant gliomas (Figure 3). Infection of 
PHFA-Im and U87MG, U251MG and T98G cells with 100 pfu/cell ofA^mda-l 
15 resulted in a temporal increase in intracellular and secreted MDA-7 protein 

Maximum MDA-7 protein expression, both intracellular and secreted, was apparent in 
A±mda.l infected PHFA-Im cells. As observed previously, multiple intracellular 
protem species were detected using MDA-7 specific polyclonal antibodies and higher 
molecular weight MDA-7 proteins were found in the supernatant of Ad mda-l ■ 
20 mfected nonnal astrocytes and gliomas (Figure 3). These results imply, as previously 
observed in other cell types (Mhashilkar e^a/., 2001, Mol. Med. 7:271-282- Lebedeva 
et al., 2002. Oncogene 21 :708.71 8). that the MDA-7 protein is processed prior to 
secretion and this processing could involve changes m the extent of phosphorylation 
and/or glycosylation of the secreted proteins. Based on these results it can be 
25 concluded that the differential response of nonnal astrocytes versus the mahgnant 
ghomas to mda-l is not simply a consequence of reduced Ad uptake, intracellular 
mda-l transgene expression or production or secretion of MDA-7 protein by nonnal 
astroc3'tes. 
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Table 1 Determination of CAR receptors in nonnal astrocytes and gUoma cells 
us ing monoclonal anti-CAR antibodies and flow cytometry assay 

PHFA PHFA-Im U87MG U373MG U251MG T98G 
PM 

Peak shift 1.74 0.07 0.17 6.43 9 68 1004" 

-5 0-37 0.07 0.1 0.85 5:79 "qW 



Peak shift IS calculated as a ratio {PcAR=Pcon,rodlP control, where P is the median of the 
fluorescent peak of the FACS histogram. D value represents the differences between 
the two curves (Kohnogorov-Smimov test); higher numbers reflect enhanced binding 
5 and mcreased CAR availability. ^ 

Previous studies document that M.wtp53 differentially affects 
gliomas, depending on then:;;55 genotype (Cirielli et al, 1999, J. Neuro-Oncology 
43: 99-108; Lang et al, 1999, Neurosurgery 45: 1093-1 104; Hong et al, 2000, J. 
Korean Med. Sci. 15: 315-322). The present study confirms a selective effect of 
10 wtp53 on the growth of mutp53 human gliomas (Figure 1). Western blotting analysis 
using iip53 monoclonal antibody, which detects both wtp53 and mutp53, indicates 
elevated/,J5 protein in PHFA-Im, mutp53 (U251MG and T98G) and wtp53 (U87MG) 
cells after infection with Ad.wtp53 (Figure 4). In the case of U25 IMG cells, levels of 
p53 protein decrease during the course of infection, and a lower molecular weight 
15 protein is detected, which may represent ^p53 degradation product. These results 
support the conclusion that differential growth suppression in PHFA-Ln and U87MG 
cells versus U251MG and T98G cells following infection with AA.M>tp53 is not a 
consequence of failure to infect these cells or express ^^p53 transgene. 

Ad.mda.7 induces apoptosis selectively in malignant gliomas. 
20 Infection of diverse human cancers, but not nomial ceUs, witti Ad.mrfa-7 results in a 
loss in viability by induction of programmed cell death (apoptosis) (Su et al., 1998, 
Proc. Natl. Acad. Sci. U.S.A. 95: 14400-14405; Su et al., 2001, Proc. Natl. Acad. Sd. 
US.A. 98:10332-10337; Madireddi al, 2000. Adv. Exp. Med. Biol. 465:239.261- 
Saeki et al, 2000, Gene Ther. 2:2051-2057; Mhashilkar et al., 2001. Mol. Med. 
25 7:271-282; Lebedeva et al, 2002, Oncogene 21 :708-718; Paeter et al, 2002; Saeki et 
al, 2002. Oncogene 21 : 4558-4566; Sarkar et al, 2002, Proc. Natl. Acad. Sci. US.A. 
29: 10054-10059). Annexin V staining and FACS analysis demonstrated that infecHon 
with 100 pfu/ceU ofAd.mda-7 increased the percentage of early apoptotic cells in 
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U87MG, U251MG and T98G cells, and elevated the levels of late apoptotic and 
necrotic cells, most markedly in T98G cells (Figure 5). In contrast, no significmat 
change in the percentage of apoptotic cells was evident in gliomas infected with 100 
pfu/cell of Ad.vec (adenovirus lacking the transgene insert), hifection of PHFA-Im 
5 with 1 00 pfu/cell of M.mda-1 or Ad.vec also did not significantly change the 

percentage of early or late apoptotic (or necrotic) cells. In the case of A<i.wtp53, both 
early and late apoptotic (or necrotic) U251MG and T98G cells were increased after 
infection with 1 00 pfu/cell, but apoptosis was not induced in PHFA-Im or wtp53 
U87MG cells (Figure 5). 

^® ^y^^^ analysis after infection with A±mda-1 or M.wtp53 

provided additional support for induction of apoptosis in specific gliomas by these 
viruses (Figure 6). hi the case of M.mda.l, a temporal ina^e in the proportion of 
cells with a sub Go/G, (Ao) DNA content was evident in U87MG, U25 IMG and T98G 
cells (Figure 6). At day 3 after infection with 100 pfu/cell of A±mda-1, -59% -46% 
and -31% of U251MG, U87MG and T98G cells, respectively, contained an aIdNA 
content. In the case of M.wtp53, an increase in Ao DNA content was apparent in 
mutp53 U251MG (-93o/o; at day 3) and T98G (~27o/o; at day 3) cells, but not in y^p53 
U87MG cells (Figure 6). In contrast, except for a small increase in Ao DNA content 
24 h after AA.mda.1 or Ad.wtp53 infection, only control baseHne Ac DNA content 
was evident in PHFA-lm 48 or 72 hpi with the different viruses. Similarly, analysis of 
DNA fragmentation using the TUNEL reaction and FACS analysis indicated 
induction of apoptosis by Ad.«da-7 in glioma cells, U87MG (-44%; day 2) 
U25 IMG (~62o/o; day 2) and T98G (^9%; day 2), but not in PHFA-hn (-1%; day 2). 

Previous studies reveal that Ad.mda-l mfection can mduce an increase 
in thepen^entage of specific cancer cell types in the G,/M phase of the cell cycle 
(Saeki et al., 2000, Gene Ther. 7:2051-2057; Mhashilkar et al, 2001. Mol. Med. 
7:271-282; Lebedeva et al, 2002, Oncogene 21 :708-718). Infection of U87MG 
U251MG and T98G gliomas with Ad.,„^a-7 increased the percentage of cells in the 
G3/M phase of the cell cycle by 24 hpi, with no further increase after 48 or 72 hpi 
(Figui e 7). The magnitude of this cell cycle effect was greatest in U251MG ceUs to 
contrast only a marginal increase (< 2%) in ceUs in the phase of the cell cycle 
was apparent after AA.mda.l infection of PHFA-Im (Figure 7). In the case of 
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Ad.«.(pM, an increase in cells in the GM phase of the cell cycle was apparent in 
both U25 IMG and T98G cells, but not in U87MG cells or PHFA-Im (Figure 7). 
These results provide additional support for a selective effect of Ad.,«rf.-7 on cell 
cycle in human gliomas, which is independent of genotype, h, contrast, AiMpSS 
5 mduces cell cycle alterations only in human gliomas that have a „mpS3 genotype. 

Ad.mda-? allm levels ofpnapoplotic and amiapoptolic proteim 
selectively in mcdtgmm glionm. Infection of diverse cancer cells with Ad mda-1 
results in an elevation in the levels of BAX protein and alters the ratio of BAX to Bcl- 
2 proteins (S„ « al. 1998, Proc. Natl. Acad. Sci. U.S.A. 25:14400-14405; Madireddi 

10 «'"-.2000,Adv.Exp.Med.Biol.465:239-261;Mhashilkar«<2001,Mol Med 
7:271-282; Su e.al.. 2001, Proc. Natl. Acad. Sci. U.SA M:I0332-10337; Lebedeva 
elal.. 2002, Oncogene 21:708-718). St,,dies in human melanoma also indicate 
changes in the levels of additional proapoptotic proteins, such as BAK and 
anttapoptotic proteins, such as Bcl-XL, in specific melanomas, but not in notmal 

.5 melanocytes, following infection with Ad.„i.-7 (Lebedeva e,al.. 20O2, Oncogene 
21:708-718). Based on these considerations, the tanponj efieot of infection with lOO 

piWce«ofAd.„.„-7,Ad.^„orAd.vecondre,evelsofanti.pop.oticpro,ei^^ 
2 and Bcl-XL, and pro w<odc protems. BAX and BAK, were det«mined by 
Western Wotting (Figure 8 and Table 2). In th, case of PHPA-to. no consistent or 
^0 s-gmflcan. changes were evident in the different apoptosis associated pt^tems after 
24. 48 or 72 l^i with any of flte «mses. In U87MG cells, the levels of Bcl-2 and Bel- 

a-protdns were deereas«lby48hfollowingAd.™,a-7mfection, Whereas Utis 
eao, was not appa«nt Mowing Ad«^« infection (Figure 8 and Table 2). b Urese 
ceBs, no significant changes w«e evident in fte levels of BAX or BAK foUowing 

« ;"^'-"'witheithervin,s.B,«^«U251MGceIls,adecreaseh,Bcl-2and 
mcreases in both BAX and BAK were appat™, after infection with Ad™.«.7 or 
Ad g ^ Table 2). m T98G cells, an -1.5- to -.9.fold decrease in 

Bcl-2 and Bcl-XL p„,.ems and an -1.4 to ~1.7-fold mcrease in BAX and BAK 
protons occurred after infection with AdW.-7 or Ai.^p,3. mese ..suits are 

30 _ With a mechanism in which deceases in the levels of anti-apoptotic (Bcl- 
2«cloa) ve.ns pro-apoptotic (B.^XBAK) protAs resulting ^ i^ectioa wifl, 

Ad»*-7actasprimary mediators ofinducaonof apoptosis in speoificc^cer cells 
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In PHFA-Im, the minor changes induced in these protein subtypes following Mjnda- 
7 would be anticipated to nuUify each other, thereby not affecting cell survival. 
Similarly, in the case of U87MG cells, infection with AA.wtp53 did not alter these 
critical apoptosis associated proteins and programmed cell death was not induced. 

Table 2 Effect of AA.mda-7 and A±wtp53 on pro- and antiapoptotic Bcl-family 
prote ms m normal immortal asfrocytes and malignant gliomas 

PHF U87MG U251MG T98G 

A-Im 

Ad.m Ad.wtpS Ad.mda- Ad.wtp53 Ad.mda-7 Ad.wtp53 Admda Adwt 

^"='-2 1-1^ i.4t ^ji uf m Til ui — fir- 
Bo.- l.lt 1.4t 8.4^ Nochange 1.4t 111 Hi \fl 

BAX i.4t L4t l.U 1.3; 2.5t 2 5T 1 4t T 7t 

^-'^ ^-^t 1.3t 1.2t 5t ?0t i'S 

Ad.mda-7 induces GADD gene expressioix in malignant gliomas. 
Ad.tnda-7 appears to execute its apoptosis-inducing effect by inducing growth arrest 
and DNA damage-inducible (GADD) genes in melanoma cell lines (Sarkar et al., 
2002, Proc. Natl. Acad. Sci. U.S.A 99:10054-10059). The present experiments were 
designed to detennine whether the GADD family of genes were also upregulated in 
malignant gliomas foUowing Ad.mda-7 infection. Since the GADD family of genes is 
also modulated by p53, the effect of Ad.wtp53 infection on GADD gene expression in 
PHFA-hn and in wtp53 and mutp53 malignant gUomas was also investigated. PHFA- 
Im, M^53 US7MG cells and mu^53 U251MG cells were infected with 100 pfii/cell 
of Ad.vec, Ad.mda-7 or Ad.wtp53 and the expression pattern of the GADD family of 
mRNAs was exammed by Northern blot analysis 1 to 3 days postinfection. As shown 
in Figure 9, Ad.mda-7 infection, but not Ad.vec infection, induced GADD153, 
GADD45a and GADD34 mRNAs in a time-dependent manner in both U87MG and 
U251MG cells, which were susceptible to tiie killing effect ofAd.mda.7 (Figures 5, 6, 
7). In both cases, the induction of GADD153 was significantly higher than that of the ' 
other GADD genes. However, Ad.mrfa-7 infection did not induce these genes in 
PHFA-hn, which are resistant to the apoptosis-inducing effects of Ad.mda-7 (Figures 
5, 6, 7). Ad.wtp53 infection induced the GADD family of genes only in U251MG 
cells, which are killed by Ad.M;ft;J5, but not in PHFA-Ln or U87MG cells, which are 
25 not killed by Ad.wtp53. These differential expression patterns of the GADD family of 
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genes by Ad.mda-7 and Ad.wtp53 demonstrate an advantage ofAd.mda-7 relative to 
Ad.wtp53 in the context of gliomas, in that Ad.mda-7 was observed to induce 
expression of GADD genes in ghoma cells irrespective of their j355 status. 

Ad.mda-7 infection and GST-MDA-7 protein sensitizes malignant 
glioma cells to radiation-induced growth suppression and induction ofapoptosis. 
Mda-7 expression results in accumulation of specific glioma cells in the G2/M phase 
of the cell cycle, and since the G2/M phase is known to be the most radiosensitive 
portion of the cycle, it seemed logical to next determme whether there was any 
growth-suppressive interaction between exposure of ceUs to ionizing radiation and 
expression of mda-7. U87MG and U25 IMG ceUs were plated and 24 h later infected 
with Ad.mda-7 or Ad.vec at an m.o.i. of -50 pfu/cell. Cells were cultured for an 
additional 24 h prior to irradiation. Cultures were then irradiated (0-8 Gy) and growth 
was determined 4 days later (5 days after infection) using MTT assays. Parallel 
experiments examined the amount ofapoptosis 4 days after exposure. 

Expression of mda-7 or irradiation of U87MG and U251MG glioma 
cells reduced their growth potential. However, the combination ofmda.7 and ionizing 
radiation caused a statistically significant additional decrease in growth potential of 
gliomas (Figure lOA). In agreement with data m Figures 5 and 6, mda-7 increased 
the nmnbers of apoptotic cells, as judged by Wright Giemsa staining for apoptotic cell 
20 morphology, which was significantly enhanced following radiation exposure (Figure 
lOB). This data suggests that apart of the mechanism by which radiation enhances 
the anti-proliferative effects of mda-7 is by increasing apoptosis. 

Because MDA-7 is a secreted protein, now renamed IL-24 (Kotenko, 
2002, Cytokine and Growth Factor Rev. 217: 1-1 8; Sarkar et al.. 2002, Biotechniquls 
Qct:30-39; Cytokine Growth Factor Rev. 14:35-5 1), additional studies were 
performed to assess the effect of MDA-7 protein on tumor cell growth and the impact 
of purified MDA-7 on cellular radiosensitivity. Culture media of primary rat 
hepatocytes infected with Ad mda.7, but not control virus, suppressed the growth of 
prostate carcinoma ceUs. A bacterial expression system was developed wherein mda.7 
30 was fused to glutathione-S-transferase, to prepare larger quantities of pure MDA-7 
protein for farther studies (GST-MDA.7). To detemiine whether purified MDA-7 
protem altered cell growth and survival, gliomas were treated with either vehicle 
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(GST) or MDA-7 (GST-MDA-7) (0.25 ^ig/ml final concentration in media), followed 
24 h later by exposure to ionizing radiation. Cell growth was determined 4 days after 
irradiation using MTT assays. 

Treatment with GST-MDA-7 protein or irradiation of US7MG and 
5 U251MG gliomas reduced their growth potential. However, the combination of GST- 
MDA-7 and ionizing radiation caused a statistically significant additional decrease in 
growth potential of the gliomas (Figure 1 1). GST-MDA-7 also potentiated radiation- 
induced apoptosis in gliomas that was qualitatively similar to tliat resulting from 
KA,nda-l (Figure lOB). Collectively, this data demonstrates that mda-1 can enhance 
10 the anti-proliferative and cytotoxic actions of ionizing radiation. 

Ad.mda-7plus radiation results in enhanced induction of the GADD 
family of genes, in malignant glioma cells. UV and ionizing radiation are known to 
cause induction of the GADD family genes, which can play a role in apoptotic 
processes (Hollander et al, 1997. J. Biol. Chem. 272: 13731-13737; Amundson et al. 
15 1998, Oncogene Vh. 2149-2154; Carrier et al, 1998, Biochem. Pharmacol. 55: 853- 
861). Since PA.mda-1 infection and GST-MDA-7 facilitated the killing effect of 
ionizing radiation in malignant gliomas (Figures 10, 11) it was deteraiined whether 
the expression pattern of the GADD family of genes was modulated by the combined 
treatment of ionizing radiation and Ad.«di,-7. As shown in Figure 12, infection of 
20 U251MG and U87MG cells with Ad.mrfa-7 at an m.o.i. of ^50 pfu/cell, or exposure 
of cells to ionizing radiation (6 Gy), induced GADD153 expression from day 2 of 
treatment onward. However, combined ti-eatment of cells with both radiation and 
mda-1 further augmented the induction of GADD153, thus providing a possible 
mechanism underlying the cooperative effect of Ad.mrfa-7 and ionizing radiation in 
25 killing maUgnant gliomas. 

6.2 Example 2: mda-1 Inhibits Growth and Enhances Radiosensitivity 
of Glioma Cells In Vitro and In Vivo 



Materials and Methods 



30 



Reagents. Dulbecco's Modified Eagle's Medium (DMEM) and 
Penicillin-Sti-eptomycin were from Gibco (Life Technology, New York). MTT 
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reagent (3-[4,5-Dmiethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide), and Gierasa 
Stain were from Sigma (St. Louis, MO). Anti-Caspase 3, Anti-Bcl-2, Anti-Bcl-XL, 
Anti-F AS receptor, Anti-F AS ligand, Anti-BAX and all the secondary antibodies 
(anti-rabbit-HRP, anti-mouse-HRP, and anti-goat-HRP) were purchased from Santa 
Cruz Biotechnology (Santa Cruz, CA). Anti-P AKP (1 :2500, mouse monoclonal 
Calbiochem). Enhanced chemiluminescence (ECL) kit was purchased from NEN Life 
Science Products (NEN Life Science Products, Boston, MA). Other plasmid 
constructs and reagents were as described in (Su et al, 1998, Proc. Natl. Acad. Sci. 
U.S.A. 95:14400-14405; Dent et al, 1999, Mol. Biol. Cell 10:2493-2456; Hagan et 
al, 2000, Radiat. Res. 153:371-383; Su et al, 2001. Proc. Natl. Acad. Sci. U.S.A. 
98:10332-10337; Yacoub et al, 2001, J. Radiat. Biol. 72:1067-1078; Lebedeva etal, 
2002, Oncogene 21:708-718; SarkareM/., 2002, Proc. Natl. Acad. Sci. U.S.A. 
99:10054-10059). 

Generation ofAd.mda-7 and Synthesis ofGST-MDA-7. Recombinant 
type 5 adenoviruses to express MDA-7 {M.mda-T), control (CMV vector) or control 
0-gaIactosidase) were generated using recombination m HEK293 cells as described 
(Hitt et al, 1997, Adv, Pharmacol. 40:137-206; Dent et al, 1999, Mol. Biol. Cell. 
10:2493-2506). Standard cloning procedures were used to generate a bacterial 
expression vector comprising in-frame fusion of the mda-1 ORF 3' to the GST ORF in 
GST-4T2 vector (Amersham Pharmacia), using^cmHI andM sites infroduced into 
mrf«-7byPCR(Sue/a/.. 2003 Oncogene 22:1 164-1 180). Expression ofproteinwas 
performed by inoculating an overnight culture at 1 : 100 dilution followed by 
incubation at 25 "C until an O.D.s^, of 0.4-0.6 was reached followed by induction 
with 0.1 MM IPTG for 2h. Cells were harvested by centrifUgation and sonicated in 
PBS followed by centrifUgation to obtain soluble protein. The lysate was bound to a 
glutathione-agarose column (Amersham Pharmacia) at 4 °C for 2h followed by 
washing with 50 volumes PBS and 10 volumes PBS with 500 mM NaCl. Elution of 
bound protein was performed by passing 20 mM reduced glutathione through the 
column and collecting 1 ml fractions. Fractions were analyzed by gel electrophoresis 
and positive samples were dialyzed against 1000 volumes of PBS for 4h with one 
change followed by 500 volumes of DMH^ fbr 4h. Protein concentration was 
estimated by Bradford assays as well as gel elecfrophoresis in conjunction with 
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Coomassie blue staining. Samples were tested for activity using GST protein as 

control. Using gel-purified GST-MDA-7, a polyclonal anti-GST-MDA-? antibody 

was raised in rabbits and used at a 1 :3000 dilution for immunoblotting. 

Cell Culture. Fischer 344 rat RT2 gliomablastoma cells (University of 

5 Alabama, Birmingham) and primary rodent astrocytes (kindly provided by Dr. E. 

Ellis, Dept. Phannacology and Toxicology, V.C.U.) were cultured in DMEM 

supplemented with 10% fetal bovine serum (Hyclone, Logan, UT) and 1% 

penicilUn/stieptomycin. Cells were incubated in humidified atmosphere of 5% C02 at 
37 °C. 

Recombinant Adenovirus Infection. The Ad.mda-7 and control 
adenoviral vectors used were identical to those described previously (Su et al., 1998, 
Proc. Natl. Acad. Sci. US.A. 95:14400-14405; Su et al, 2001, Proc. Natl. Acad. Sci. 
U.S.A. 98:10332-10337; Lebedeva e/ a/., 2002, Oncogene 21:708-718). The viral 
titers for each adenovirus and infection efficiency for each cell type were determined 
by plaque formation assay. In vitro adenoviral infections were performed 24 h after 
plating (Volkert and Young. 1983. Virology 125:175-193). Monolayer cultures were 
washed in PBS and incubated with purified vims in 1 ml of growth medium without 
serum for 1 h at 37 °C in a humidified atmosphere of 5% C02/95% air with gentle 
agitation. After 3 h, firesh growth medium with 10% fetal bovine serum was added. 

Assessment ofApoptosis and Cell Viability. The extent of apoptosis 
was evaluated by assessing Wright-Giemsa stained cytospin slides under light 
microscopy and scoring the number of cells exhibiting the classic moiphological 
features of apoptosis. For each condition, 10 randomly selected fields per slide were 
evaluated, encompassing at least 15000 cells (Grant et al, 1996. Exp. Cell. Res. 
228:65-75). To confirm the results of morphologic analysis, in some cases cells were 
also evaluated by TUNEL staining and oligonucleosomal DNA fragmentation assay 
as follows; staining, cytospin slides were fixed with 4% formaldehyde/PBS fi)r 10 
min, treated with acetic acid/ethanol (1:2) for 5 min, and incubated with terminal 
transferase reaction mixture containing DC terminal transferase reaction buffer. 0.25 
30 U/1 terminal transferase, 2.5 mM C0CI2. and 2 pmol fluorescein.l2-dUTP 

(BoehringerMam-Jieiin. Indianapolis, IN) at37°Cforlh. The slides were mounted 
with Vectashield containing propidium iodide (Vector Laboratories. Burlingame. CA) 
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and visualized using fluorescence microscopy (Dai et al, 2002, Cell Cycle 1 :143- 
152). 

Assessment of Cell Viability. Cell viability was also evaluated by 
assessing trypan blue inclusion / exclusion of isolated cells under light microscopy 
and scoring the percentage of cells exhibitmg blue staining (Grant et al, 1996, Exp. 
Cell. Res. 228:65-75). Floating and attached cells were isolated by trypsinization, 
recovered by centrifugation, resuspended in phenol red free DMEM and mixed 1 : 1 
with trypan blue reagent. Cells (-400) were counted in all four fields of a 
hemocytometer. 

MTT Assay for Determination of Cellular Viability. The MTT test is 
based on the enzymatic reduction of the tetrazolium salt MTT in living, metabolically 
active cells. Cells were plated (5-10,000 ceUs per well of a 12 well plate) and 24h 
after plating infected with either Ad.mda-1 or control virus at the indicated 
multiplicity of infection (m.o.i.). In other experiments, cells were plated (5-10,000 
cells per well of a 12 well plate) and 24h after plating treated with either GST or 
GST-MDA-7 at the indicated concentrations. Twenty-four hours after 
infection/protein treatment, cells were treated with kinase inhibitor drugs and then 
irradiated. Tlie cytotoxicity of the various treatments was assessed four days after 
irradiation by measurement of cell viability by use of the MTT assay, as described 
previously (Mosmann, 1983, J. Immunol. Methods 65:55-63). The plates were read on 
a Dynatech MR600 Microplate Reader at 540 mn. All data were nomalized relative 
to the control, non-treated unirradiated cells of the corresponding cell type. 

Cell Survival Analyses. Cells were assayed for the effect(s) of 
Ad.mda-7, and radiation on cell survival. Cells were plated (10,000 cells per 60 mm 
25 dish) and 24h after plating infected with either Ad.mda-7 or control virus at the 
indicated m.o.i. Twenty four hours after infection cells were irradiated. Ninety-six 
hours after irradiation, cells were isolated by trypsinization and viable trypan blue 
negative cells re-plated in 60 mm dishes at 250-1,000 cells per plate. Colonies were 
allowed to form from surviving cells for 7-9 days, before fixing and staining with 
crystal violet. Colonies that contained more than 50 cells were then counted. To 
generate the s-'iva! data, individual assays were perfonned at multiple dilutions with 
a total of four plates per data point. 
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Western Blot Analysis. Protein concentration was determined using a 
kit from Bio-Rad. Aliquots (40 \i.g) were solubilized in Laenmili buffer, sepaiated by 
SDS-PAGE, and transferred to nitrocellulose membranes as described. Membranes 
were blocked 2 hours at 4 °C in TBST (5% nonfat milk in 1 0 mM Tris/HCl, 1 00 mM 
5 NaCl, and 0.1% Tween-20, pH 7.6). Membranes were exposed to the primary 

antibodies, followed by washing (3 x 15 min with TBST). The following antibodies 
were used: mouse anti-Bcl-xu BAX, and Bcl-2 monoclonal antibody; mouse anti- 
PARP, anti-beta-actin (Santa Cruz Biotechnology, CA); anti-p53 (polyclonal antibody 
(Oncogene Research Products, Cambridge, MA); mouse anti-Fas antibody 
10 (Pharmigen, San Diego, CA). Membranes were incubated with horseradish 

peroxidase-conjugated anti-mouse or anti-rabbit IgG antibody, followed by washing 
with TBST (3x15 min). Proteins were visualized by ECL and quantified by 
densitometry. 

DNA Fragmentation. Equal number of cells from each test sample 
15 (10«) were homogenized with 1 ml lysis buffer (10 mM Tris at pH 7.4,5 mM EDTA, 
1% Triton X-100). RNase A 100 ng/ml was added to each sample and incubated at 50 
°C for 1 hour. Proteinase K was then added (100 Mg/ml) and the samples were 
incubated overnight at 50 °C. The DNA was extracted using phenol and chloroform, 
and centrifiiged at 10,000 x g for 5 min at 4 °C. The aqueous phase was mixed with 2 
20 volumesofice-coldetfaanolandthenprecipitatedbycentrifugationat 15,000xgfor 
1 0 min. Supematants were removed, and DNA pellets were washed with 80% 
ethanol once (15,000 times; g for 10 min), air-dried, dissolved in TE buffer at pH 7.6. 
DNA concentration were detennined and 10 Mg of each sample was then 
electrophoresed on a 1.5% agarose gel and analyzed for the presence of a laddering 
25 pattern. 

Statistical Analyses. Comparison of the effects of various treatments 
was performed using one way analysis of variance and a two tailed /-test. 
Differences with a;.-value of < 0.05 were considered statisticaUy significant. For 
animal studies, a log rank test was applied to data. Experiments shown are the means 
30 of multiple individual points (± SEM). 



54 



wo 2004/060269 ^ _ PCT/US2003/028512 



Results 



10 



Ad.mda-7 enhances the radiosensitivity ofRT2 as measured in MTT 
assays. RT2 cells were infected with increasing amounts oiA±mda-l or control 
virus and the expression of MDA-7 determined 48h after infection. Increasing the 
viral particle multipUcity of mfection (m.o.i.) enhanced the amount of MDA-7 protein 
produced in each cell. 

Previous studies have shown that infection of tumor cells, but not non- 
transformed cells, with M.mda-1 inhibited tumor cell growth (Su et al, 1998, Proc. 
Natl. Acad. Sci. U.S.A. 95:14400-14405; Su et al, 2001, Proc. Natl. Acad. Sci. 
U.S.A. 98:10332-10337, Su et al, 2003 Oncogene 22:1 164-1180; Madireddi et al, 
2000, Adv. Exp. Med. Biol. 465:239-261; Saeki et al, 2000, Gene Ther. 7:2051- ' 
2057; Saeki et al, 2002. Oncogene 21 :4558-4566; Mhashilkar et al, 2001, Mol. Med. 
7:271-282; Ellerhorst et al, 2002, J. Clin. Oncol. 20:1069-1074; Lebedeva et al, 
2002, Oncogene 21 :708-718; Sarkar et al. 2002, Biotechniques Oct:30-39; Sarklr et 
15 al, 2002, Proc. Natl. Acad. Sci. U.S.A. 99:10054-10059; Sauane etal, 2003, J. Cell 
Physiol. 196:334-345). To assess the effect of Ad.mrfa-7 on the growth and survival 
of RT2 gUoma cells, cells were assayed for proliferation via MTT assay and viability 
via trypan blue stainmg after M.mda-1 infection and radiation exposure. CeUs were 
plated, infected and irradiated 24h after infection with increasing radiation doses 
20 (Figures 13A-13D). Ihcreasmg the viral m.o.i. resulted in a dose-dependent reduction 
in gUoma cell growth. Furthermore while radiation reduced proliferation, it mteracted 
with A±mda.l, but not control virus, to fiarther reduce cell growth. These effects 
were not observed in either primary rodent astrocytes (Figure 13D) or primary human 
ashrocytes (Su et al, 2003, Oncogene 22:1 164-1 180). 

^ general agreement with the findings in Figure 1 3, M.mda-1 
enhanced cell death, as judged by trypan blue staining, that was significantly 
increased followmg radiation exposure (Table 3). These effects were not observed in 
primary rodent astrocytes (Table 3), in which cell survival, as measured by nuclear 
apoptotic moiphology, was more weakly enhanced by the AA.mda-1 + radiation 
30 combination. Expression of IvIDA-7 {M.mda-1 infected at 25 m.o.i.) or irradiation 
enhanced the levels of apoptotic cells from 0.7 ± 0.1% to 1.8 ± 0.2% and 1.3 ± 0.1% 
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respectively. However, combined treatment of cells with k±mda-l and radiation 
increased the percentage of apoptotic cells to 5.0 ± 0.4% (p < 0.05 greater than the 
combined effects of A±mda-7 and radiation individually). 





Percentage of trypan blue-positive cells 


Cell type 
(m.o.i.) 


Ad.CMV 


Ad.mda-7 


Ad,CMV+ 6 Gy 


Kd.mda-1 + 6 Gy 


RT2 
(5) 


3.3±1.7 


7.0±1.8 


6.3±1.7 


18.1±3.4** 


RT2 
(25) 


3.8±1.6 


11.9±2.5* 


8.0±3.2 


33.9±3.8**' 


RT2 
(50) 


3.7±1.8 


18.7±1.2* 


6.2±2.3 


47.4±3.3** 


1° 

Astrocyte 
(50) 


3.7±0.9 


3.6±1.1 


7.9±2.1 


8.5±2.1* 



Table 3. Ad.mJa-7 causes a dose-dependent increase in glioma cell death that is 

Tf^J^ ^ ^'^'^"^^^ ^""^^^ ^a<liation. Ceils were cultured 

for 24h then infected with Ad.mda-1 or CMV control viruses (5. 25 or 50 multiplicity 
of mfection (m.0.1.)) as described in Materials and Methods. The cells were irradiated 
(6 Gy) 24 hours after mfection. Cells were isolated 96h after irradiation and cell 
viability determined by tryi^an blue exclusion staining. Data are the means ± SEM of 
10 3-4 separate expenments: p < 0.05 greater than control infected cells; * p < 0 05 
greater than irradiated cells, corrected for the toxic effects ofAd.mda-1. 

Purified GST-MDA-7 protein has similar growth inhibitory and 

radiosensitizing effects as Ad.mda-7. To confirm that the findings in Figure 13 and 

Table 3 were not due to an effect related to viral infection, RT2 cells were treated 

15 with bacterially synthesized GST-MDA-7 or GST (Figure 14) foUowed by exposure 

to ionizing radiation (Su et al, 2003 Oncogene 22:1 164-1 180). GST-MDA-7. but not 

GST, caused a dose-dependent reduction in RT2 cell growth (Figure I4A): however, 

only at conoentrations of GST-MDA-7 above 15 nM was any increase in cell killing 

by GST-MuA-7 observed. In agreement with data in Figure 13, GST-MDA-7 
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suppressed the growth of RT2 cells that was enhanced in a greater than additive 
fashion by ionizing radiation (Figure 14B). These findings also correlated witli 
enhanced cell Idlling as judged by Giemsa staining (Figure 14C, left set of bars) and 
by trypan blue staining (Figure 14C, right set of bars). 
5 Expression ofMDA-7 down-regulates expression of the mitochondrial 

anti-apoptotic molecule BcI-xl- The Bcl-2 gene family consists of both positive and 
negative regulators of apoptosis and interactions between these molecules can ^ 
modulate the apoptotic threshold for a wide variety of noxious stimuli. Two family 
members in pmticular, Bcl-2 and Bcl-xu function as potent inhibitors of cell deatli, 
10 and have been shown to enhance resistance to chemotherapeutic agents and ionizing 
radiation (Simonian et al., 1997, Blood 90:1208-1216). 

hi parallel to studies in Figure 13 and Table 3, the expression of pro- 
and anti-apoptotic Bcl-2 family members as well as flie levels of FAS and TNFa 
receptors was detenmned by immunoblotting. Infection of RT2 cells with Ad.mda-7, 
15 but not control virus, reduced expression of Bc1-xl and enhanced expression of BAX 
(Figure 15A). Radiation did not alter Bcl-XL expression but also enhanced BAX 
levels. The combination of Ad.mda-7 and radiation resulted in a forther modest 
increase in BAX expression and a large decrease in Bcl-XL levels. Little alteration 
was observed in. the expression of Bcl-2, as well as the FAS and TNFa death 
20 receptors or their ligands. The reduction in Bc1-xl levels and enhancement in BAX 
expression also correlated with a reduction m p32 pro-caspase 3 levels and cleavage 
ofPARP. 

As an additional separate measure of cell survival, the integrity of 
nuclear DNA. 96h after irradiation/1 20h after viral infection was examined. 

25 Irradiation and/or mfection of cells with control virus did not significantiy alter DNA 
integrity (Figure 15B, two separate studies shown). However, mfection of cells with 
Ad.;nda-7 caused the appearance of a smear of lower molecular weight DNA as well 
as the appearance of low molecular weight DNA fragments that electrophoresed at or 
near the dye front, suggestive of necrosis. Irradiation of cells exhibiting Ad.OT<fa-7- 

30 induced DNA degradation resulted m a large decrease in high molecular weight 
nucleosomal DNA and an increase m amount of the low molecular weight DNA 
fragments. 
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To test whether altered Bc1-xl expression was causal in the modified 
proliferation and survival of glioma cells exposed to MDA-7 and radiation, RT2 cells 
were infected with M.BcI-xl, kA.mda-1 or control virus, and 24h afterwards 
irradiated. Cell growth and viability were determined 96h after irradiation. 
5 Constitutive over-expression of M.BcI-xl abrogated the growth inhibitory effect of 
M.mda-1 and Ad.mda-1 + radiation (Figure 15C). Over-expression of Bc1-xl also 
reduced the anti-proliferative effect of ionizing radiation. These findings correlated 
with a reduction in cell killing by M.mda-1 and M.mda-1 + radiation (Figure 15D). 

The free radical scavenger N-acetyl-L-cysteine (NAC) blunted the anti- 
10 proliferative interaction between Ad.mda-7 and radiation. Ionizing radiation has 
been shown to enhance the production of mitochondria-deiived free radicals that may 
be linked to altered cell signaling and survival processes (Leach et al, 2001, Cancer 
Res. 61: 3894-3901). Expression of Bc1-xl can, in part, reduce the generation of free 
radicals by mitochondria (Brockhaus and Brune, 1999, Oncogene 18:6403-6410; 
15 Leach et al., 2001, Cancer Res. 61: 3894-3901). To detetmine whether radiation- 
induced free radicals interact with MDA-7 to alter cell viabiUty a free radical- 
scavenging agent, N-acetyl-L-cysteine, was added to infected RT2 cells prior 
radiation. NAC abolished the enhancement in ceU killing and reduction in 
proliferation of RT2 cells treated with AA.mda-1 + radiation (Figure 16A). This 
finding also correlated with a reduction in cell killing (Figure 16B). 

Ad.mda-7 enhances the radiosensitivity ofRT2 cells as measured in 
colony formation assays. In Figure 13, short-term MTT growth assays demonstrated 
that Ad.mda-7 interacted with radiation to cause a greater than additive reduction in 
proUferation that coirelated with increased cell death. Additional studies were 
25 performed to determine whether Ad.mda-7 altered glioma cell colony fomation after 
irradiation in vitro. Infection of cells with Ad.mda-7 (5 m.o.i.) weakly reduced the 
colony formation of cells (0.89 ± 0.07), compared to control viral infection (1.00 ± 
0.08), that was not significant. Radiation (6 Gy) caused a significant reduction in cell 
survival (0.29 ± .0.03). The combination of Ad.mda-7 and radiation reduced colony 
30 formation that was significantly greater than the additive effects of either treatment 
alone (0.02 ± 0.005, P < 0.05). 



20 



58 



wo 2004/060269 ^ W pcT/uS2003/028512 



10 



15 



20 



25 



30 



Ad.mda-7 enhances the survival of rats implanted intracranially with 
RT2 cells. These studies have utiUzed the RT2 rodent glioma cell line, in pai1, 
because it is syngeneic to the Fischer 344 rat (Park et al, 2001, Oncogene 20:3266- 
3280). RT2 cells were infected with either control virus or k&.mda-l in vitro and 24h 
after infection, 10'* cells implanted into the brains of Fischer 344 rats. Four days after 
implantation the head of each rat was irradiated (6 Gy). The survival of the rats was 
noted on a daily basis. Rats implanted with control virus infected cells, regardless of 
whether they were imdiated, died within -15-20 days (Figure 17). Rats implanted 
with A&.mda-1 infected cells survived significantly longer than control virus alone or 
control virus + i;adiation animals (* p < 0.05). Irradiation of rats implanted with 
AA.mda-1 infected cells resulted in a further significant mcrease in animal survival 
beyond that of Adjnda-1 alone (*p < 0.05). 

6.3 Example 3: mda-7 Inhibits Growth and Enhances Radiosensititivity 
of Glioma Cells In Vitro via JNK SignaUng 

Materials and Methods . 

Reagents. Dulbecco's Modified Eagle's Medium (DMEM), Minimum 
Essential Medium Alpha (MEMa) and PeniciUin-Streptomycm were from Gibco (Life 
Technology, New York). Minimum Essential Medium (MEM), Nonessential Amino 
Acids (NEAA), and Sodium Pyruvate were from CeUgro (VA). The (PD98059) 
selective MEK 1/2 inhibitor, and (LY294002) the PDK inhibitor (Calbiochem, La 
JoUa, CA) were made in DMSO and added 60 minutes prior to radiation treatment 
(Xia et al., 1995, Science 220:1326-1331; Jiang et al., 1996, Proc. Natl. Acad. Sci. 
U.S.A. 93:9160-9165; Cartee et al., 2000, Int. J. Oncol. 16:413-422; Madireddi et al., 
2000, Adv. Exp. Med. Biol. 465:239-261; Mhashilkar et al., 2001, Mol. Med. 7:271- 
282; Saeki etal, 2002, ; ) MTT reagent (3-[4,5-DimethylthiazoI-2-yl]-2,5- 
diphenyltetrazoUum bromide), and Giemsa Stdin were from Sigma (St. Louis, MO). 
Anti-Caspase 3, Phospho-/total.ERKI/2, Phospho-/total-P38a/p, Phospho-Ztotal- 
JNKI/2, Phospho-/total-AKT, (anti-rabbit-HRP, anti-mouse-HRP, and anti-goat-HRP) 
were purchased from Santa Cruz Biotechnology (Santa Craz, CA). Anti-P ARP 
(1 :2500, mouse monoclonal Calbiochem). Enhanced chemiluminescence (ECL) kit 
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was purchased from NEN Life Science Products (NEN Life Science Products, 
Boston, MA). Other plasmid constnicts and reagents were as described (Su et al, 
1998, Proc. Natl. Acad. Sci. U.S.A. 95:14400-14405; Su et al, 2001, Proc. Natl. 
Acad. Sci. U.S.A. 98:10332-10337; Dent et al, 1999, Mol. Biol. Cell. 10:2493-2506; 
5 Hagan et al., 2000, Radiat. Res. 153:371-383; Yacoub et al, 2001, J. Radiat. Biol. 
77:1067-1078; Lebedeva et al, 2002, Oncogene 21:708-7 18) 

Generation of Ad.mda-7 and Synthesis ofGST-MDA-7. Recombinant 
type 5 adenovirus to express MDA-7 {Ad.mda-1), control (CMV vector) or control (p- 
galactosidase) were generated using recombination in HEK293 cells as described 
10 (Hitt et al, mi; Dent et al, 1999, Mol. Biol. Cell. 10:2493-2506). Standard cloning 
procedures were used to generate a bacterial expression vector comprising in-frame 
fiision of the mda-1 ORF 3' to the GST ORF iii GST-4T2 vector (Aniersham 
Pharmacia), using Bamm and Natl sites introduced into mda-1 by PGR (Su et al, 
2003. Oncogene 22: 1 164-1 180). Expression of protein was performed by inoculating 
15 an overnight culture at 1 : 100 dilution followed by incubation at 25 °C untU an O.D.600 
of 0.4-0.6 was reached followed by induction with 0. 1 jxM IPTG for 2h. Cells were 
harvested by centrifiigation and sonicated in PBS followed by centrifogation to obtain 
soluble protein. The lysate was bound to a glutathione-agarose column (Amersham 
Pharmacia) at 4 "C for 2h followed by washing with 50 volumes PBS and 10 volumes 
20 PBS with 500 nM NaCl. Elution of bound protein was performed by passing 20 mM 
reduced glutathione through the column and collecting 1 ml fractions. Fractions were 
analyzed by gel electrophoresis and positive samples were dialyzed against 1 000 
volumes of PBS for 4h with one change followed by 500 volumes of DMEM for 4h. 
Protein concentration was estimated by Bradford assays as well as gel electrophoresis 
25 in conjunction with Coomassie blue staining. Samples were tested for activity using 
GST protein as control. Using gel-purified GST-MDA-7, a polyclonal anti-GST- 
MDA-7 antibody was raised in rabbits and used at a 1 :3000 dilution for 
immunoblotting. 

Cell Culture. Fischer rat RT2 gliomablastoma cells (University of 
30 Alabama, Birmingham) and primary rodent astrocytes (kindly provided by Dr. E. 
Ellis, Dept. Pharmacology, V.C.U.) were cultured in DMEM supplemented vwth 10% 
fetal bovine serum (Hyclone, Logan, UT) and 1% penicillin/streptomycin. U251 and 
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U373 human astrocytoma cells were grown in MEM supplemented with 10% (v/v) 
fetal bovine sei-um (IX) Nonessential Amino Acids (NEAA), (IX) Sodium Pyruvate. 
Cells were incubated m humidified atmosphere of 5% C02 at 37 °C. 

Recombinant Adenovirus Infection. The kd.mda-1 and control 
adenoviral vectors used were identical to those described previously (Su et al, 1998, 
Proc. Natl. Acad. Sci. U.S.A. 95:14400-14405; Su et al, 2001, Proc. Natl. Acad. Sci. 
U.S.A. 98:10332-10337; Lebedeva et al, 2002, Oncogene 21:708-718). The viral 
titers for each adenovirus and infection efficiency for each cell type were detennined 
by plaque formation assay. In vitro adenoviral infections and p-galactosidase/X-gal 
staining were perfomied 24 h after plating (Volkert and Young, 1983, Virology 
125: 175-193). Monolayer culhu-es were washed in PBS and incubated with purified 
vu-us in 1 ml of growth medium without serum for 1 h at 37 °C in a humidified 
atmosphere of 5% C02/95% air with gentle agitation. After 3 h, fresh growth medium 
with 10% fetal bovine serum was added. 

^sessment of Apoptosis and Cell Viability. The extent of apoptosis 
was evaluated by assessing Wright-Giemsa stained cytospin shdes under light 
microscopy and scoring the number of ceUs exhibiting the classic morphological 
features of apoptosis. For each condition, 10 randomly selected fields per slide were 
evaluated, encompassing at least 15000 cells (Grant et al., 1996). To confirm the 
20 results of morphologic analysis, in some cases cells were also evaluated by TUNEL 
staining and oligonucleosomal DNA fragmentation assay as follows; staining, 
cytospin sUdes were fixed witti 4% formaldehyde/PBS for 10 min, treated with acetic 
acid/eflianol (1:2) for 5 min, and incubated with terminal ti-ansferase reaction mixtiire 
containing DC terminal tiransferase reaction buffer, 0.25 U/1 terminal transferase, 2.5 
25 mM C0CI2. and 2 pmol fluorescein- 12-dUTP (Boehringer Mannheim, IhdianapoUs, 
IN ) at 37 °C for 1 h. The slides were mounted with Vectashield containing 
propidium iodide (Vector Laboratories, Burlingame, CA) and visuaUzed using 
fluorescence microscopy (Dai et al, 2002, Cell Cycle 1:143-152). 

Assessment of Cell Viability. Cell viability was also evaluated by 
30 assessing ti-ypan blue inclusion/exclusion of isolated ceUs under light microscopy and 
scoring tlae percentage of ceils exhibiting blue staining (Cartee et al., 2000, Jnt J. 
Oncol. 1^:413-422). Floating and attached ceUs were isolated by trypsiniz'ation. 
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recovered by centrifugation, resuspended in phenol red free DMEM and mixed 1 : 1 
with trypan blue reagent. Cells (-400) were counted in all four fields of a 
hemocytometer. 

AdTT Assay for Determination of Cellular Viability. The MTT test is 
5 based on the enzymatic reduction of the teti azolium salt MTT in living, metabolically 
active cells. Cells were plated (5-10,000 cells per well of a 12 well plate) and 24h 
after plating infected with either M.mda-1 or control virus at the indicated 
multiplicity of infection (m.o.i.). In other experiments, cells were plated (5-10,000 
cells per well of a 12 well plate) and 24h after plating treated with either GST or 
10 GST-MDA-7 at the indicated concentrations. Twenty-four hours after 

infection/protein treatment, cells were treated with kinase inhibitor dmgs and then 
irradiated. The cytotoxicity of the various treatments was assessed four days after 
irradiation by measurement of cell viability by use of the MTT assay, as described 
previously (Mosmami, 1983, J. hnmmiol. Methods 65:55-63). The plates were read 
15 on a Dynatech MR600 Microplate Reader at 540 nm. All data were normalized 
relative to the control, non-treated unirradiated cells of the corresponding cell type. 

Cell Survival Analyses. Cells were assayed for the effect(s) of 
Ad.mrfa-7, and radiation on cell survival. CeUs were plated (10,000 cells per 60 mm 
dish) and 24h after plating infected with either Ad.m^fe-7 or control virus at the 
20 indicated m.o.i. Twenty four hours after infection cells were irradiated. Ninety-six 
hours after irradiation, cells were isolated by tiypsinization and viable trypan blue 
negative cells re-plated in 60 mm dishes at 250-1,000 cells per plate. Colonies were 
aUowed to from.surviving cells for 7-9 days, before fixing and staining with crystal 
violet. Colonies that contain more than 50 cells were then counted. To generate the 
25 survival data, individual assays were performed at multiple dilutions with a total of 
four plates per data point. 

Cell Cycle Analysis. The cells were treated as described for the MTT 
assay above (1 50000 cells/60 mm dish). At the time of irradiation and 24h after 
irradiation, cells were isolated to detennine their cell cycle profiles. CeUs were 
30 washed once with PBS, fixed in 80% ice-cold ethanol, centriftiged, washed with 
phosphate-buffered saliiie (PBS), and -10" cells per condition were stained with 
propidium iodide (50 jxg/mL) in PBS containing 100 Hg/mL RNase A. Hie cells wei« 
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subjected to flow cytometric analysis of DNA content using a Becton Dickinson 
FACScalibur cytometer and analyzed using Verity Winlist software. 

Western Blot Analysis. Protein concentration was determined using a 
kit from Bio-Rad. Aiiquots (40 \xg) were solubilized in Laemmli buffer, separated by 
5 SDS-PAGE, and transferred to nitrocellulose membranes as described. Membranes 
were blocked for 2 hours at 4 °C in TBST (5% nonfat milk in 10 mM Tris/HCl, 100 
nM NaCl, and 0.1% Tween-20, pH 7.6). Membranes were exposed to the primary 
antibodies, followed by washing (3x15 min with TBST). The following antibodies 
were used: mouse anti-PARP, anti-p2 1 and anti-beta-actin (Santa Cruz 
10 Bioteclmology, CA); anti-p53 (polyclonal antibody (Oncogene Research Products, 
Cambridge. MA); ERKl/2, JNKl/2, P38 and AKT phosphorylation was determined by 
using phosphospecific antibodies (Cell Signaling, Beverly, MA) (Dai et al, 2002, 
Cell Cycle 1:143-152; Qiao et al, 2002, Hepatology 36:39-48). Total ERK antibody 
(Santa Cruz) was used as a loading control. Membranes were incubated with 
15 horseradish peroxidase-conjugated anti-mouse or anti-rabbit IgG antibody, followed 
by washing with TBST (3 x 15 min). Proteins were visualized by enhanced 
chemiluminescence and quantified by densitometry. 

DNA Fragmentation. Equal numbers of cells ISrom each test sample 
(10*) were homogenized with 1 ml lysis buffer (10 mM Tris at pH 7.4, 5 mM EDTA, 
1% Triton X-100). RNase A 100 ^g/ml was added to each sample and incubated at 
50 °C for 1 hour. Proteinase K was then added (100 ^g/ml) and the samples were 
incubated overnight for at 50 °C. The DNA was extracted using phenol and 
chloroform, and centrifiiged at 10,000 x g for 5 min at 4 °C, The aqueous phase 
mixed with 2 volumes of ice-cold ethanol and then precipitate by centrifugation at 
25 1 5,000 X g for 1 0 min, supematants were removed, and DNA pellets were washed 
witli 80% ethanol once (15,000 times; g for 10 min). air-dried, dissolved in TE buffer 
at pH 7.6. DNA concentration were determined and 10 ng of each sample was then 
electrophoresed on a 1.5% agarose gel and analyzed for the presence of a laddering 
pattern. 

Statistical Analyses. Comparison of the effects of various treatments 
was perfomcd using one way analysis of variance and a two tailed /-test. Differences 
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with ap-value of < 0.05 were considered statistically significant. Experiments sliown 
ai-e the means of multiple individual points (± SEM). 

Results 

Ad.mda-7 infected RT2 cells express a -23 kDa MDA-7 protein. RT2 
cells were infected with increasing amounts oiM.mda-1 or control virus and the 
expression of MDA-7 determined 48h after infection in cell lysates (Figure 18A). 
Increasing the viral particle multiphcity of infection (m.o.i.) enhanced the amount of 
MDA-7 protein produced in each cell. Similar data were obtained in U251 
astrocytoma cells, in agreement the previous study of Su et al. (Su et al, 2003 
Oncogene 22: 11 64- 11 80). 

In parallel with experiments examining MDA-7 expression, additional 
studies using a recombinant adenovirus to express B-galactosidase were performed to 
determine the percentage of cells infected at each m.o.i. (Figure 18B). Infection at an 
15 m.o.i. of 25 with a virus to express B-galactosidase caused approximately 20% of RT2 
and 5% of U25 1 cells to stain blue when incubated with X-gal. 

Ad.mda-7 enhances the radiosetisitivity ofRT2. U251 and U373 cells. 
Previous studies have shown that infection of tumor cells, but not non-transfoimed 
cells, with Ad.mda-7 inhibited tumor cell growth (Su et al, 1998, Proc. Natl. Acad. 

20 Sci. U.S.A. 95: 14400-14405; Madireddi et al, 2000, Adv. Exp. Med. Biol. 465:239- 
261; Saeki et al, 2000, Gene Ther. 7:2051-2057; Mhashilkar et al, 2001. Mol. Med. 
7:271-282; Su etal, 2001, Proc. Natl. Acad. Sci. U.S.A. 98:10332-10337; Sarkar et 
al, 2002, BiotechmquesQct:30-39; Ssxkiaet al, 2002, Proc. Natl. Acad. Sci. U.S.A. 
99:10054-10059; Saeki et al, 2002. Oncogene 21 :4558-4566; Ellerhorst et al, 2002, 

25 J. CUn. Oncol. 20:1069-1074; Lebedeva a/., 2002, Oncogene 21:708-718; Sauane' 
etal, 2003, J. Cell. Physiol. 196:334-345; Suetal, 2003 Oncogene 22:1 164-1 180) 
To assess the effect of A±mda-7 on the growth and survival of RT2, U251 and U373 
glioma cells, cells were assayed for prohferation via MTT assay, survival via colony 
formation and cell viability via trypan blue staining after Ad.mda-1 infection (25 

30 m.o.i.) and radiation exposure. Cells were plated, infected and in^ated 24h after 
infection with iiicreasing radiation doses (Figures 19A-19D; Figures 20A-20C). 
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Radiation reduced proliferation and it interacted with Ad.mda-7, but not control virus, 
to furtlier reduce cell growth. These effects were not observed in either primary 
rodent or human astrocytes (Su et al, 2003, Oncogene 22:1 164-1 180). 

In general agreement with the findings in Figure 19, Ad.mda-7- 
5 enhanced cell death, as judged by trypan blue staining that was significantly increased 
following radiation exposure (Figure 20A). This effect was not observed in primary 
rodent astrocytes. As an additional separate measure of cell survival, the integrity of 
poly ADP ribosyl polymerase (PARP), p32 pro-caspase 3 and nucleai- DNA, 96h after 
irradiation/120h after viral infection was determmed. Irradiation and/or infection of 
10 cells with control virus did not significantly alter PARP, pro-caspase 3 and DNA 

integrity (Figure 20B). However, infection of cells with Ad.mda-7 caused cleavage of 
PARP and pro-caspase 3 and the appearance of a "smear" of lower molecular weight 
DNA, suggestive of necrosis. 

The reduction in proliferation caused by Ad.mda-7 was further 
15 examined in RT2 and U251 cells. In RT2 cells. Ad.mda~7 enhanced ceU numbers in 
G, phase that was further increased after irradiation (Figure 21 A). This correlated 
with enhanced expression of p21 and p53 (inset panel). In contrast, in U25 1 cells, 
Ad.mda.7 enhanced cell numbers in Gj/M phase of the cell cycle that was fiirther 
increased following radiation exposure (Figure 21B); expression of p53 and p21 was 
20 mialtered in U25 1 cells. CeU numbers in S phase significantly declined in both cell 
types following combined Ad.mda-7 and radiation treatment. 

Ad.mda-7 enhances the activity of ERKl/2 and P38, but not JNK and 
AKT, in RT2 cells. Recent studies have luilced MDA-7-induced cell killing to 
activation of the P38 and JNK pathways (Kawabe et al., 2002, Mol. Ther. 6:637-644; 
25 SaikaretaL, 2002, Proc. Natl. Acad. Sci. U.S.A. 99:10054-10059). Signaling by 
mutant RAS has also been shown to enhance resistance to both radiation and Ad.mda- 
7 (Gupta et al., 2001, Cancer Res. 61; Su et ai, 2001, Proc. Natl. Acad. Sci. U.S.A. 
98: 10332-10337). INK signaling has also been proposed as the mechanism by which 
Ad.mda-7 radiosensitizes lung carcinoma cells (Kawabe et al, 2002, Mol. Ther. 
30 6:637-644). Based on these findmgs, fiuther studies investigated whether Ad.mda-7 
and radiation interacted to alter the activities of the ERK, JNK, P38 and AKT in RT2 
cells. Infection with A±mda-7 enhanced the activity of P38 and ERKl/2, but not of 
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INKl/2 or AKT (Figure 22A). Suiprisingly, radiation reduced Ad.wrfa-7-induced 
ERKl/2 activity 96h after exposure, but had no effect on either P38 or AKT activity. 
Of note, however, while Ad.mda-7 did not alter basal JlSIKl/2 activity, following 
irradiation Ad.mda-7 considerably enhanced JNKl/2 phosphorylation. 
5 Signaling by the PI3K/AKT and ERK/MAPK pathways have been 

linked to enhanced radioresistance and survival to chemotherapy (Vlahos et ai, 1994, 
J. Biol. Chem. 269:5241-5248; XiaetaL, 1995, Science 270:1326-1331; Dent etal, 
1999, Mol. Biol. Cell. 10:2493-2506; Cartee etal., 2000, Int. J. Oncol. 16:413-422; 
Hagan et al, 2000, Radiat. Res. 153:371-383; Gupta et al, 2001, Cancer Res. 
10 61 :4278-4282; Gupta et al, 2002, Clin. Cancer Res. 8:885-892; Yacoub et al, 2001, 
J. Radiat. Biol. 77:1067-1078; Sarkar et al, 2002, Proc. Natl. Acad. Sci. U.S.A. 
99: 10054-10059). To investigate whether these pathways play a role in resistance to 
MDA-7-induced cell kilhng, cells were infected with Ad.mda-7 and then incubated 
with the MEKy2 inhibitor PD98059 and the PDK inhibitor LY294002. hihibition of 
15 neither MEKl/2 nor PI3K enhanced the anti-proliferative effects of Ad.mda-7 (Figure 
22B). However,, combined inhibition of both pathways caused a significant additional 
reduction in proliferation (Figure 22B) and cell survival (Figures 22C and 22D). 

Because infection of cells with Ad.mda-7 activated p38 as well as 
promoting radiation-induced activation of INK in RT2 cells, an investigation of 
20 whether inhibition of either p38 or JNK signaling was involved in the 

radiosensitization effect was performed. Based on previous studies, it was expected 
p38 signaling to play an important role in enhanced cell killing by Ad.mda-7 and 
radiation (Sarkar et al, 2002, Proc. Natl. Acad. Sci. U.S.A. 99:10054-10059), 
however inhibition of p38 signaling did not alter the radiosensitizing properties of 
25 Ad.mda-7. Jn contrast, and in general agreement with the findings of Kawabe et al. 
(Kawabe et al., 2002, Mol. Ther. 6:637-644), use of a relatively specific JNKl/2 
inhibitor SP600125, aboUshed the radiosensitizing properties otAd.mda-1 (Figure 
22E). 

30 6.4. Example 4: Free Radical Generators in Combination with mda-1 

Nucleic Acid or MDA-7 Protem as a Treatment for 
c. Renal Cell Carcinoma 
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Materials and Methods 

Reagents. Dulbecco's Modified Eagle's Medium (DMEM) and 
Penicillin-Streptomycin were from Gibco (Life Technology, New York). Nonessential 
Amino Acids (NEAA), and Sodium Pyruvate were from Cellgro (VA). MTT reagent 
5 (3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide), and Giemsa Stain 
were from Sigma (St. Louis, MO). Anti-Caspase 3, Phospho-/total-ERKl/2, Phospho- 
/total-P38a/fl, Phospho-/totaI-JNKl/2, Anti-Bcl-2, Anti-Bcl-XL, Anti-FAS receptor, 
Anti-FAS iigand, Anti-Bax and all the secondary antibodies (anti-rabbit-HRP, anti- 
mouse-HRP, and anti-goat-HRP) were purchased from Santa Cruz Biotechnology 
10 (Santa Cruz, CA). Anti-PARP (1 :2500, mouse monoclonal) was obtained from 

Calbiochem. Eidianced chemiluminescence (ECL) kit was purchased from NEN Life 
Science Products (Boston, MA). Other constructs and reagents were as described in 
(Jiang et al., 1996, Proc. Natl. Acad. Sci. U.S.A. 93:9160-9165; Su et al, 1998, Proc. 
Natl. Acad. Sci. U.S.A. 95:14400-14405; Madireddi et al, 2000, Adv. Exp. Med. 
15 Biol. 465:239-261; Saeki et al, 2000, Gene Ther. 7:2051-2057; Su et al, 2003, 
Oncogene 22: 11 64- 11 80). 

Generation of Ad.mda-7 and Synthesis ofGST-MDA-7. Recombinant 
type 5 adenovirus to express MDA-7 (Ad.mda-7), control (CMV vector) or control (13- 
galactosidase) were generated using recombination in HEK293 cells. 

Standard cloning procedures were used to generate a bacterial 
expression vector comprising in-frame fusion of the mda-1 ORE 3' to the GST ORE in 
GST-4T2 vector (Amersham Pharmacia), using BamHI and NotI sites infroduced into 
mda-1 by PCR (Su et al, 2003 Oncogene 22:1 164-1180). Expression of protein was - 
performed by inoculating an overnight culture at 1 : 100 dilution followed by 
25 incubation at 25 "C until an O.D.600 of 0.4-0.6 was reached followed by induction 
with 0.1 jiM IPTG for 2h. Cells were harvested by centrifugation and sonicated in 
PBS followed by centrifiigation to obtain soluble protein. 

The lysate was bound to a glutathione-agarose column (Amersham 
Pharmacia) at 4 »C for 2h followed by washing with 50 volumes PBS and 10 volumes 
30 PBS with 500 mM NaCl. Elution of boimd protein was performed by passing 20 mM 
reduced glutathione through the column and collecting 1 ml fractions. Fractions were 
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analyzed by gel electrophoresis and positive samples were dialyzed against 1000 
volumes of PBS for 4h with one change followed by 500 volumes of DMEM for 4h. 
Protein concentration was estimated by Bradford assays as well as gel electrophoresis 
in conjunction with Coomassie blue staining. Samples were tested for activity using 
5 GST protein as control. Using gel-purified GST-MDA-7, a polyclonal anti-GST- 
MDA-7 antibody was raised in rabbits and used at a 1 :3000 dilution for 
immunoblotting. 

Cell Culture. Human U373 glioma cells (ATCC) and human RCC 
cells: A498 (ATCC) U0K121N (Dr. Lineham, National Cancer Institute) and primary 
10 human renal epithelial cells (Clonetics, Cambrex Corp., East Rutherford, NJ) were 
cultured in DMEM supplemented with 10% fetal bovine serum (Hyclone, Logan, UT) 
and 1% penicillm/streptomycm according to the suppliers mstructions. Cells were 
incubated in humidified atmosphere of 5% CO2 at 37 °C. 

Primary Culture of Rodent Hepatocytes. Hepatocytes were isolated 
15 from adult male Sprague Dawley rats by the two-step coUagenase perfusion technique 
(Gupta et al., 2001, J. Biol. Chem. 276:15816-15822; Qiao et al, 2001, Mol. Biol. 
Cell 12:2629-2645). The freshly isolated hepatocytes were plated on rat-tail collagen 
(Vitrogen)-coated at a density of 2.5 x 10^ cells/well, and cultured m DMEM 
supplemented with 250 nM insulin, 0. 1 nM dexamethasone, 1 nM thyroxine, and 100 

20 ^lg/ml of penicillin/streptomycin, at 37 °C in a humidified atmosphere containing 5% 
CO2. An initial medium change was performed 4 hr after cell seeding, at the time of 
viral infection, to remove dead or mechanically damaged cells. 

Recombinant Adenovirus Infection. TheAd.mda-7 and control 
adenoviral vectors used were identical to those described previously (Madireddi et al., 

25 2000, Adv. Exp. Med. Biol. 465:239-261; Saeki etal., 2000, Gene Ther. 7:2051- 
2057; Su et al., 1998, Proc. Natl. Acad. Sci. U.S.A. 95:14400-14405; Su et al., 2001, 
Proc. Natl. Acad. Sci. U.S.A. 98:10332-10337, Su et al., 2003 Oncogene 22:1 164- 
1 180; MhashiUcar et al., 2001, Mol. Med. 7:271-282; Lebedeva et al., 2002, 
Oncogene 21 :708-718). The viral titers for each virus and infection efficiency for 

30 each cell type were determined by plaque formation assay. In vitro adenoviral 

infections were performed 24 h (RCC) and 4 h (hepatocytes) after plating. Monolayer 
cultures were washed in PBS and incubated with purified virus in 1 ml of growth 
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medium witliout seium for 1 h at 37 °C in a humidified atmosphere of 5% C02/95% 
air with gentle agitation. For RCC lines, after 3 h, fresh growth medium with 1 0% 
fetal bovine serum was added. 

Assessment ofApoptosis and Cell Death. The extent of apoptosis and 
5 necrosis (cell death) was evaluated by assessing Wright-Giemsa stained cytospin 
slides under light microscopy and scoring the number of cells exiiibiting the classic 
morphological feahires of apoptosis. For each condition, 10 randomly selected fields 
per slide were evaluated, encompassing at least 15000 cells (Dai et at., 2002, Cell 
Cycle 1:143-152; Qiao et al, 2001, Mol. Biol. Cell 12:2629-2645). To confirm the 
10 results of moiphologic analysis, in some cases cells were also evaluated by TUNEL 
staining and oligonucleosomal DNA fiagmentation assay as follows; staining, 
cytospin slides were fixed with 4% formaldehyde/PBS for 10 min, treated witii acetic 
acid/ethanol (1 :2) for 5 min, and incubated with teminal transferase reaction mixture 
containing IX terminal transferase reaction buffer. 0.25U/1 terminal transferase. 2.5 
15 mM C0CI2, and 2 pmol fluorescein- 12-dUTP (Boehringer Mamiheim, Indianapolis, 
IN ) at 37 °C for 1 h. The slides were mounted with Vectashield containing propidium 
iodide (Vector Laboratories. Burlingame. CA) and visualized using fluorescence 
microscopy. 

Assessment of Cell Viability. Cell viabUity was also evaluated by 
20 assessing tiypan blue inclusion/exclusion of isolated cells under hght microscopy and 
scoring the percentage of cells exhibiting blue staining (Yu et al., 2001. Biochem. 
Biophys. Res. Commun. 286:101 1-1018). Floating and attached cells were isolated by 
trypsinization, recovered by cenblfugation, resuspended in phenol red free DMEM 
and mixed 1 : 1 with tiypan blue reagent. Cells (-100) were counted in all four fields of 
25 ahemocytometw. 

MTT Assay for Determination of Cellular Viability. The MTT test is 
based on the enzymatic reduction of the tetrazolium salt MTT in hving, metabolically 
active cells but not in dead cells. Cells were plated (5-1 0,000 cells per well of a 12 
well plate) and 24h after plating treated with either GST or GST-MDA-7 at the 
30 indicated concentrations. Thirty minutes after protein treatment, cells were treated 
wifli arsenic trioxide at the indicated concenti ations. The cytotoxicity of the various 
treabnents was assessed four days after irradiation by measurement of cell viability by 
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use of the MTT assay, as described previously (McKinstry et aL, 2002, Cancer Biol. 
Ther. 1:243-253). The plates were read on a Dynatech MR600 Microplate Reader at 
540 nm. All data were normalized relative to the GST control, non-treated cells of the 
corresponding cell type. 
5 Cell Smyival Analyses. Cells were assayed for the effect(s) of GST- 

MDA-7 and arsenic trioxide on cell survival. Cells were plated (10,000 cells per 60 
nini dish) and 24h after plating treated with GST-MDA-7 or GST. Thirty minutes 
later, cells were treated with arsenic trioxide. Ninety-six hours later, cells were 
isolated by trypsinization and viable trypan blue negative cells re-plated in 60 mm 
10 dishes at 250- 1 ,000 cells per plate. Colonies were allowed to from surviving cells for 
10-14 days, before fixing and staining with crystal violet (Yu et aL, 2001, Biochem. 
Biophys. Res. Cohiniun. 286:1011-1018; McKinstry a/., 2002, Cancer Biol. Ther. 
1:243-253). Colonies that contain more than 50 cells were then counted. To generate 
the survival data, individual assays were performed at multiple dilutions with a total 
1 5 of six plates per data point repeated for a total of three experiments. 

Western Blot analysis. Protein concentration was determined using a 
kit from Bio-Rad. Aliquots (40 ^ig) were solubilized in Laemmli buffer, separated by 
SDS-PAGE, and transferred to nitrocellulose membranes. Membranes were blocked 2 
hours at 4 °C in TBST (5% nonfat milk in 10 mM Tris-HCl, ICQ mM NaCl, and 0.1% 
20 Tween-20, pH 7.6). Membranes were exposed to the primary antibodies, followed by 
washing (3 x 15 min with TBST). Membranes were incubated with horseradish 
peroxidase-conjugated anti-mouse or anti-rabbit IgG antibody, followed by washing 
with TBST (3x15 min). Proteins were visualized by enhanced chemiluminescence. 
DNA Fragmentation. Equal number of cells from each test (10^) 
25 homogenized with 1 ml lysis buffer (10 mM Tris at pH 7.4, 5 mM EDTA, 1% Triton 
X-IOO). RNase A 100 |Lig/ml was added to each.sample and incubated at 50 ''C for 1 
hour. Proteinase K was then added (100 |ig/ml) and the samples were incubated 
overnight for at 50 °C. The DNA was extracted using phenol and chloroform, and 
centriiuged at 10,000 x g for 5 min at 4 °C. The aqueous phase mixed with 2 volumes 
30 of ice-cold ethanol and then precipitate by centrifugation at 15,000 x g for 10 min, 
supematants v/ere removed, and DNA pellets were washed with 80% ethanol once 
(15,000 x g for 10 min), air-dried, dissolved in TB buffer at pH 7.6. DNA 
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concentrations were determined and 10 Mg of each sample was then electrophoresed 
on a 1.5%, agarose gel and analyzed for the presence of a laddering pattern. 

Statistical Analyses. Comparison of the effects of various treatments 
was performed using one way analysis of variance and a two tailed r-test. Differences 
with ap-value of < 0.05 were considered statistically significant. Experiments shown 
are the means of multiple individual points (± SEM). 

Results 

The RCC cell lines A498 and U0K121N are weakly responsive or 
refractory to Ad.mda-7 treatment but strongly responsive to transfection by an mda-7- 
expressing plasmid. Previous studies performed by the inventors have shown that 
tumor cells, but not non-transformed cells, infected with the type 5 recombinant 
adenovirus, Ad.mda-7 undergo growth arrest and apoptosis (Su et al., 1998, Proc. 
Natl. Acad. Sci. U.S.A. 95:14400-14405; Mhashilkar et al, 2001, Mol. Med. 7:271- 
282; Su et al, 2001, Proc. Natl. Acad. Sci. U.S.A. 98:10332-10337; Lebedeva et al., 
2002. Oncogene 21:708-718; Sarkar et al., 2002, Proc. Natl. Acad. Sci. U.S.A. 
99:10054-10059; Sauane et al., 2003, J. Cell. Physiol. 196:334-345; Su et al.. 2003 
Oncogene 22:1 164-1 180). Initial studies in renal cell carcinoma (RCC) lines' 
attempted to recapitulate these prior findings using Ad.mda-7 in other tumor cell 
types. However, the inventors were unable to observe any effect of Ad.mda-7 on 
A498 cell growth and observed only a weak effect on the growth of U0K121N ceUs. 
In contrast, transfection of RCC lines with a plasmid to express MDA-? reduced 
colony fonnation and cell growth (Figure 23) (Jiang et al., 1996, Proc. Natl. Acad. 
Sci. U.S.A. 93:9160-9165; Su et al.. 2001, Proc. Natl. Acad. Sci. U.S.A. 98:10332- 
25 1 0337). 

The RCC cell lines A498 and U0K121N express low levels of the 
Coxsackie-Adenovirus Receptor (CAR) protein. Since transfection, but not infection, 
of RCC lines to express MDA-7 resulted in reduced cell growth, the inventors 
detennined whether RCC lines express the coxsackievirus/adenovirus receptor 
(CAR), which is necessary for adenovirus entry into cells. In the two RCC lines 
tested. CAR levels were very low, in contrast to either U373 malignant glioma cells or 
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primary human renal epithelial cells (Table 4). This is similar to the findings of Haviv 
et al. (Haviv et al.. Cancer Res. 62:4273-4281). Furthermore, when cells were 
exposed to increasing doses of an adenovirus to express 6-galactosidase, it was noted 
that the virus more easily infected U373 and primary renal epithelial cells than A498 
or U0K121N RCC lines (Figure 24). 

Table 4. Primary renal epithelial cells, but not renal cell carcinoma cells express CAR 
protems. Cells were cultured as described in the Materials and Methods section of this 
example. Forty eight hours after plating, cells were isolated and incubated with anti- 
CAR or control antibodies. Cells were incubated with an FITC labeled secondary 
antibody and subjected to flow cytometry to determine CAR levels. Cells incubated 
with only control pnmaiy antibody or with only secondary FITC labeled antibody did 
not display any cell labeling. The "Peak shift" is calculated as a ratio (Pcar - P 
controO/P conuol, Where P IS median of fluorescent peak of FACS histogram The D value 
represents the statistical difference between the two FACS histogram c^es 
(Kohnogorov-Smimov test; p < 0.05 less than primary renal epithelial cells)- Higher 



Pealc Shift 



D value 



U373 



6.43 



0.85 



A498 



0.11 



U0K121N 



0.11 
0.09' 



Primary 



9.1 



0.86 



o.or 

MDA-7 protein inhibits proliferation of RCC cell lines. Smce RCC 
20 lines are resistant to adenoviral infection, MDA-7 was synthesized as a glutathione S- 
transferase (GST) fiision protein in E. coli and the inventors examined whether the 
purified MDA-7 protein could alter cell growth and survival in the two RCC cell lines 
A498 andU0K121N. GST-MDA.7. but not GST. caused a dose-dependent reduction 
m RCC line proliferation; this effect was not observed in primary renal epitheUal cells 
25 (Figures 25A-25C). 

To confirm that the effect of GST-MDA-7 was due to MDA-7 and not 
a contaminating bacterial protein, additional experiments were perfoimed using 
MDA-7 protein synthesized in primary rodent hepatocytes. In these studies, cultures 
of primary rat hepatocytes were infected with A±mda-1 or a control virus and 96h 
after infection the culture media from the hepatocytes was ti-ansfeired into the culture 
media of RCC lines (Figure 25D). RCC cells incubated with either fresh media or 
media from control virus-infected hepatocytes exhibited similar growth rates. 
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However, kidney cancer cells incubated with media from Ad./nt/a-V-infected 
hepatocytes exhibited a significantly reduced growth rate. 

The free radical generator arsenic trioxide potentiates the anti- 
proliferative effects ofMDA-7 in RCC cell lines. Arsenic trioxide is cun-ently under 
investigation as an agent that can magnify the toxicity of established 
chemotherapeutic drugs (Dai et al, 2002. Cell Cycle 1:143-152; Miller et al, 2002, 
Cancer Res. 62:3893-3903), presmned to be via the generation of free radical species 
in cells (Grad et al, 2001, Blood 98:805-813). Arsenic trioxide caused a dose- 
dependent reduction in the proliferation of A498, U0K121N and primary renal 
epithelial cells at concentrations above 1 (Figure 26), which correlated with 
enhanced cell killing at higher concentrations. Previously, several groups have shown 
that ionizing radiation, which also generates free radicals, can interact with MDA-7 to 
enhance tumor cell killing (Kawabe etal, 2002, Mol. Then 6:637-644; Liu et al, 
2002, Proc. Am. Assn. Cancer Res. 62:3209; Su et al., 2003 Oncogene 22:1 164- 
1 180). Thus the ability of arsenic trioxide to enhance the anti-proUferative and cell 
killmg effects of MDA-7 in RCC lines was examined. 

Arsenic trioxide enhanced the growth suppressive effects of GST- 
MDA-7. but not GST, in the RCC cell lines U0K121N and A498 (Figures 27A and 
27B, respectively). Neither low concentrations of arsenic trioxide nor GST-MDA-7 
alone altered the growth potential of primary renal epitheUal cells (Figure 27C). 

hi paraUel to the MTT proliferation assays in Figure 27, the viability of 
cells was determined 96h after GST-MDA-7/arsenic trioxide treatment. As judged by 
Wright Giemsa staining of fixed cells and microscopic examination of nuclear 
moiphology, neither GST.MDA-7, arsenic trioxide nor their combmation enhanced 
"classical" nuclear apoptosis. Cell nuclei appeared to be degraded in a non-apoptotic 
fashion, more indicative of necrosis, hi general agreement with this finding 
significantly more trypan blue positive cells were present in cells treated with GST- 
MDA-7 and arsenic trioxide than under any other condition (Figure 28). Arsenic 
trioxide is believed to enhance cell killing by the generation of free radicals, and 
incubation of cells with the free radical scavenger N-acetyl-cysteine significantly 
reduced cell killing (Figures 28A and 28B). The protective effect of N-acetyl-cysteine 
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was also reflected in a blockade of enhanced growth suppression following arsenic 
trioxide and GST-MDA-7 treatment. 

Treatment with the free radical generator arsenic trioxide and MDA-7 
reduces levels of anti-apoptotic markers and activates the JNK 1/2 pathway in RCC 
5 cell lines. The expression of pro-caspase 3, PARP and Bc1-xl, as well as the integrity 
of nuclear DNA, was also examined after GST-MDA-7 and arsenic trioxide 
treatment. Despite only observing a wealc enhancement in "classical" nuclear 
apoptotic morphology, p32 pro-caspase 3 and PAKP were both cleaved and 
expression of Bcl-x, was reduced (Figure 29 A). Near-complete nucleosomal DNA 
10 degradation was observed 96h following combined treatment with both agents, which 
was also suggestive of a necrotic form of cell death (Figure 29B). 

MDA-7 has been proposed to radio sensitize lung cancer cells by 
activation of the JNKl/2 pathway, whereas it has also been proposed to kill melanoma 
cells by activation of the p38 pathway (Kawabe et al, 2002, Mol. Ther. 6-637-644- 
15 Sarkar et al., 2002, Proc. Natl. Acad. Sci. U.S.A. 99:10054-10059). GST~MDA-7-' 
induced growth arrest coirelated with enhanced ERKl/2 and p38 activity whereas the 
arsemc tnoxide enhancement of cell killing correlated with enhanced p38 and JNKl/2 
activity and reduced ERKl/2 phosphorylation (Figure 29C). Inhibition of JNKl/2 " 
signaling using the JNKl/2/3 mhibitor SP600125 (10 ^M), but not the p38a/B 
20 mhibitor SB203580 (2 pM), abolished the toxic interaction of GST-MDA-7 and 
arsenic trioxide. 

Treatment with the free radical generator arsenic trioxide and MDA-7 
significantly reduces clonogenicity of RCC cell lines. GST-MDA-7 and arsenic 
trioxide significantly enhanced tumor cell death as judged by enhanced trypan blue 

25 mclusion in treated cells, and to confirm that this combination also reduced the long- 
tenn prohferative capacity of tumor cells, clonogenic survival assays wer. performed 
Treatment of cells with low concentrations of GST-MDA-7 did not significantly alter 
long-term proHferation/cell survival whereas arsenic trioxide significantly reduced 
clonogenicity (Figures 30A and 30B). The combmation of GST-MDA-? with arsemc 

30 tnoxrde caused a large, greater than additive, reduction m the survival of renal 
carcinoma cells. 
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6.5. Examples: Generators of Free Radicals or Disruptors of 
Mitochondrial Membrane Potential Promote Killing of 
Cancer Cells By MDA-7 

Materials and Methods 

Cell Lines and Virus Infection Protocol. Human DU-145, PC-3 and 
LNCaP prostate carcinoma cells were obtained from the ATCC and cultured in RPMI 
1640 supplemented with 10% FBS, 1% MEM sodium pyruvate and non-essential 
amino acids. P69, an SV40-immortaUzed human prostate epithelial cell line was 
provided by Dr. Joy Ware (Virginia Commonwealth University, VA) and grown 
under serum-free condition as described previously (Bae et al, 1994, Int. J. Cancer 
58:721-729). Bcl-2 and BcI-xl stable over-expressing clones of each prostate cancer 
cell line were generated and cultured as described (Lebedeva et al, 2000. Cancer 
Research 60:6052-6060). The recombinant replication-defective Ad.mrfa-7 virus was 
created in two steps as described previously (Su et al, 1998, Proc. Natl. Acad. Sci. 
U.S.A. 95:14400-14405) and plaque purified by standard procedures. Cells were 
infected with 100 p.f.u./cell of Ad.,«^.7 or A±vec (30 p.fu. /cell for LNCaP cells) 
and analyzed as described. 

MTT ViabUity Assays. This method was performed as described 
(Lebedeva et al, 2.000, Cancer Research 60:6052-6060). Briefly, cells were seeded in 
96-weU tissue culture plates (1 .5x10^ cells per well) and treated as described in 
Results and Discussion. At the indicated time points, medium was removed, and fresh 
medium containing 0.5 mg/ml MIT was added to each well. The cells were incubated 
at 37°C for 4 h and then an equal volume of solubilization solution (O.OIN HCl in 
10% SDS) was added to each well and mixed thoroughly. The optical density from 
the plates was read on a BioRad Microplate Reader Model 550 at 595 nm. 

Annexin V Binding Assays. Cells were trypsinized, washed once with 
complete medium and stained with FITC-labeled Annexin-V (kit from Oncogene 
Research Products, Boston. MA) according to the manufacturer's instructions. Flow 
cytometry was performed immediately after staining. 

Assessment of Mitochondrial A^^ and ROS Production. Changes in 
the inner mitochondrial fransmembrane potential AT„ were determined by staining 
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cells in 20 nM of DiOCgCS) in PBS for 30 min at ZTC in the dark. The dye 
accumulates in actively respiring mitochondria depending on A^,„ (Zamzami et al, 
1995, J. Exp. Med. 182:367-377). Controls were performed in the presence of 50 ^iM 
mitochondrial uncouphng agent mClCCP (Sigma). To detennine ROS production, 
5 cells were stained with 2.5 HE or 5 DCFH-DA in PBS for 30 min at 37 »C 
in the dark (Castedo et al, 2002, J. Immunological Methods 265:39-47). Immediately 
after staining, cells were scored using FACScan flow cytometry (Becton-Dickinson, 
Mountain View, CA). and data were analyzed on CeUQuest software, version 3.1 
(Becton Dickinson). For mhibition experiments, NAC, CsA, BA (all from Sigma) or 
10 2-VAD.fink (Calbiochera, La JoUa, CA) were added 2 h prior to infection with 
Ad.mda-7. In all cases, cells were gated to exclude cell debris. 

Statistical Analysis. All of the experiments were performed at least 
three times. Results are expressed as mean ± S.E. Statistical comparisons were made 
using an unpaired two-tailed Student's t-test. Ap <0.05 was considered significant. 

Results and Discussion 

Ad.mda-7 Induces ROS and Apoptosis Selectively in Prostate Cancer 
Cells. Ad.mda.7 mfection inhibits proliferation and induces apoptosis in diverse 
prostate cancer ceU lines, but not in normal human prostate epithelial cells. Moreover 

20 overexpressionofanti-apoptoticmembersofthe5c/-2-familydifferentiallyprotects ' 
pix)state carcinoma cells from Ad.mrfa-7-induced apoptosis. The experiments 
described in this section employed these model systems to detennine whether 
Ad.mda-7 regulates the levels of intracellular ROS and whether a rise in ROS is 
necessary for Ad.mda-7 -mediated apoptosis. 

" (including smglet oxygen and hydrogen peroxide, as well as free 

radicals such as superoxide anion and hydroxyl radicals) regulate apoptosis and 
proliferation in response to a variety of stimuli, including tumor necrosis factor-a, 
ultraviolet and gamma irradiation, and anthracyclines (Jacobson et al., 1996 Treilds 
Biochem. Sci. 21:83-86). To detennine if ROS production contributes to apoptosis 

0 mdaction by Ad.mda.7 in prostate cancer cells, normal immortal prostate epithelial 
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cells (P69) (Bae ai, 1994, Int. J. Cancer 58:721-729) and prostate carcinoma cells 
were infected with Ad.vec or Ad.mda.7 and the effect of antioxidants (NAC and 
Tiron) on Ad.mrf«-7-induced ceU death was evaluated by MTT assays. In the presence 
of non-cytotoxic doses of a general antioxidant, NAC (5 niM), or a free radical and 
5 hydrogen peroxide scavenger, Tiron (1 mM), the cell death promoting activity of 
A6.mda-7 was abrogated in all three prostate carcinoma cell lines (Figure 3 1 A). This 
inhibitory effect of antioxidant treatment was not associated with altered MDA-7 
cellular or secreted protein levels. To explore the relationship between ROS and 
M.mda.7Andno.d apoptosis additional experiments were performed with arsenic 
10 tnoxide (As.03) and NSC656240, two agents that can promote ROS production in 
cancer cells (Dai et al, 1999, Blood 93:268-277; Jing et al, 1999, Blood 94-2102- 
2111) (Figure 31B). Co-treatn:ent of Ad.«rfa.7-infected prostate cancer cells with 
non-cytotoxic doses of AS.O3 (10 ^M) or NSC656240 (400 nM) potentiated cell 
death in all three prostate carcinoma cell lines, but not in normal immortal P69 
15 prostate epithelial cells. (Figure 3 IB). These observations are consistent with 

contnbutionoffree radicals Ad.;«rfa-7-mediatedinductionof apoptosis in prostate 
carcinoma cells. 

To conflnn sdective induction of ROS in prostate carcinoma cells 
following infection with Ad.»&.7, the levels of intracellular ftee radicals in P69 and 

20 prostate cancer ceUs were measured before and after Ad.«rfa-7 infection using two 
dyes: DCFH-DA and HE. Non-fluorescent DCFH-DA diflUses into cells, where it is 
deacelylated to DCP, which fluoresces upon reaction wim hydn,gen peroxide or 
mt^us oxide. HE ^ the cell and can be oxidized by superoxide or free hydroxyl 
mdrcak to yield fluorescent ethidium (Castedo « al, 2002, J. Immunological 

25 Meftods 265:39-47). Comparing these two dyes in prostate carcinoma cells indicted 

thatAd.„,^..7.inducedDCF fluorescence (indicatinghydrogenperoxideandnitrons 
oxrde production) to a somewhat greater extent than HE fluorescence (indicating fee 
hydroxyl radical fonnation). Based on dris consideradon and because both values 
(DCF and HE fluor^cence) were found to change coordinately, DCF fluorescence 
30 was used as a readout for ROS pnKi«:tion. How cytometry analysis of cellular 
fluorescence revealed m Ad.«4-7 infection produced a 3- to 5.fold incase in 
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ROS production in prostate carcinoma cells, but not in nonnal P69 cells (Figure 31 C). 
The lai-gest ROS induction effect was apparent in LNCaP cells with comparable 
changes observed in PC-3 and DU-145 cells. Similarly, when treated with 
NSC656240 or AS2O3, ROS levels increased proportionally in all of the prostate 
5 carcinoma cells with the greatest level of induction being apparent in LNCaP cells 
(Figure 3 1 C). Treatment with a non-cytotoxic dose of NAC suppressed A±mda-1. 
induced ROS generation, and also inhibited AS2O3 and NSC656240 stimulated ROS 
generation in prostate cancer cells (Figure 31C). The increase in ROS production 
coincided with apoptosis induction in the prostate cancer cell lines, as confirmed by 
10 Amiexin V binding (Figure 3 ID). As observed for ROS induction, pretreatment with 
non-toxic doses of NAC prevented Ad.mrfa-7-induced apoptosis. Moreover, a 
combination treatment with M.mda.l plus AS2O3 or NSC656240 increased' apoptosis 
to variable extents in the three prostate cancer cell lines, without inducing apoptosis in 
nonnal P69 ceUs (Figure 3 ID). 

Temporally and Selectively Induces ROS Production and 
Reduction in Prostate Carcinoma Cells. Because ROS may play a dual role in 
apoptosis. either being a modulator of mitochondrial membrane potential loss or a 
consequence of this change, depending on the death strniuH (Zamzami et al., 1995. J. 
Exp. Med. 182:367-377; Kroemer and Reed, 2000, Nat. Med. 6:513-519), the time 
20 course of mitochondrial changes (ROS, and membrane apoptotic changes 
(Annexin V bindmg) following Ad.v.c or Ad.m^-7 infection were determined 
(Figure 32). Cells were infected with Ad.vec or Ad.«irffl-7 at the indicated m.o.i.. 
■ collected at different times up to 60 h and stained for ROS production with DCF-DA 
and with the cationic mitochondrial dye DiOQO), which accumulates in active 
25 mitochondria, to determine changes in A'F^ (Zamzami et al, 1995, J. Exp. Med. 
182:367-377). In parallel. annexin-V binding assays were performed as described in 
Methods. The data in Figure 32 documents the effects of Ad.mrfa-7 on mitochondrial 
and cytoplasmic apoptotic changes in Ad.mrffl-7-infected nonnal P69 and prostate 
carcinoma cells. A detailed analysis of the thne course of ROS production and 

m 

30 changes confinned that in all three prostate cancer ceU lines, the initial A'-F^ decrease 
occuired prior to ROS induction. The initial small decrease in A»F„ at early times (6- 
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8 hours) was followed by a ROS production increase (10-20 h). The decline in AT 

m 

continued up to 12 hr in LNCaP and up to 30 hr in DU-145 and PC-3. At 45-50 hr, a 
secondary burst of ROS production and a concurrent final steep drop in AT„ 
occurred, documenting complete mitochondrial dysfimction. As shown in Figure 32. 
5 the decline in AT„ and the increase in Annexin V binding (an early indicator of 
cytoplasmic apoptosis) occurred concomitantly. Thymocytes undergoing 
glucocorticoid-induced death exhibit a reduction in AT„ preceding exposure of 
phosphatidyl serine (PS) residues on the plasma membrane, enhanced generation of 
superoxide anions, and nuclear degradation (Zamzanii et al, 1995, J. Exp. Med. 
10 182:367-377). The present studies suggest that M.mda-l induced apoptosis may 
follow a similar chronology. It is worth noting that in all prostate cancer cell lines, 
there was a correlation between mitochondrial changes and MDA-7 protein 
expression. Mitochondrial changes in Ad.m^a-7-infected prostate cancer cells first 
became apparent when MDA-7 protein was initially detected by immunoblotting. In a 
15 previous study, it was demonstrated that MDA-7 protein first appeared by 6-9 h 
followiiag M.mda.l infection of prostate cancer cells. However, despite similar 
kmetic changes in MDA-7 protein expression in M^mda-l infected nomial prostate 
epithelial cells, no decline in survival or mitochondrial fimctions or induction of 
apoptosis were evident (Figure 32). 

^d»^a-7Infecthn Modulates MUochmdrialPenneabilityTransmon 
(MPT) in Prostate Cancer Cells. Since ROS production and the decline in AT, were 
directly associated with apoptosis or reduced cell survival in prostate carcinomi cells 
infected with AA^nda-l (Figure 32). the mle of MPT in Ad..„^a-7-induced apoptosis 
was investigated. MPT is characterized by the opening of mitochondrial 
megachamiels to aUow solutes and water to enter the mitochondria (Zoratti and 
Szabo, 1995. Biochim. Biophys. Acta 1241:139-176). MPT can be triggered by ROS 
or other agents resulting in a decrease in AT„ . followed by depletion of ATP or 
activation of caspases/endonucleases (rev. in Kroemer and Reed. 2000. Nat. Med 
6:513-519). This process is controlled by a multiprotein complex found in the inner 
and outer membranes of the mitochondria known as the pemxeability transition pore 
(FTP) (Zoratti and Szabo, 1995, Biochim. Biophys. Acta 1241:139-176) ThePTP 
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consists of VDAC/porin, ANT, cyclophilin D, the complex fomiing the peripheral 
benzodiazepine receptors (PBzR) and other proteins (Zoratti and Szabo, 1995, 
Biochim. Biophys. Acta 1241:139-176). Upon FTP opemng, the mitochondria lose 
their across the inner membrane culminating in apoptosis accompanied by an 
5 immediate shutdown of mitochondrial biogenesis. Another consequence of A»P, 
disruption is the uncoupling of oxidative phosphorylation (Vayssiere et al, 1994) and 
the generation of superoxide anion on the uncoupled respiratory chain resulting in 
further damage to proteins and membranes (Zamzami et al, 1995, J. Exp. Med. 
182:367-377). 

3nd BA specifically bind to different components of the FTP 
complex (cyclophilin D and ANT, respectively), thereby preventing mitochondrial 
membrane permeabilization and apoptosis in a wide variety of cell types (IClingenberg 
etal, 1970, Biochem. Biophys. Res. Commun. 39:344-351; Crompton et al, 1988, 
Biochem. J. 255:357-360; Marchetti etal, 1996, J. Exp. Med. 184:1155-1160; 
15 Zamzami et al, 1995, J. Exp. Med. 182:367-377). On the other hand, the FBzR 
agonist (PKl 1 195) can potentiate the induction of MPT (Fastorino et al, 1994). 
Based on these considerations, prostate cancer cells and nomial P69 cells were 
pietreated with non-toxic doses of CsA (200 nM), BA (50 ^tM) or PKl 1 195 (50 piM ) 
for 2 h post-infection with Advec or M.mda-1 and cellular viability and early 
20 (cytoplasmic) apoptosis were assessed 18 h (LNCaP cells) and 24 h (DU-145, PC-3 
and F69 cells) post-infection. Pretreatment with CsA or BA prevented cell delth 
(Figure 33A) and amiexin V exposure in Ad.mrfa-7-infected prostate cancer cells 
(Figure 33C). Analysis of mitochondrial changes (DiOCgO) retention) and ROS 
production (DCF-DA staming) confirmed that CsA and BA abrogated the decline in 
25 AT„ (Figure 33B). In a recent study employing two lung cancer cell Imes. H1299 
and A549, AA.mda-l induced changes in AT„ only in A549 cells aiad CsA did not 
prevent Ad.«,rf«-7-induced cell death in either of these cell types or alter AT^ in 
A549 cells (Pataer et al, 2003, J. Thorac. Cardiovasc. Surg. 125:1328-1335).'"The 
reason for these differences between prostate carcinoma cells and the two lung 
30 carcinoma cell lines are not currently knowii, but could reflect inherent differences in 
the mode of action of W«-7/IL-24 in these two tumor cell types or simply differences 
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ill experimental protocols, te. tlie dose of CsA used, the temporal kinetics of changes 
investigated and/or a different protocol to measure A^^ (Castedo et al, 2002, J. 
Immunological Methods 265:39-47). PKl 1 195 increased MPT, amiexin V staining 
and enhanced Ad.;?:rfa-7-induced killing in DU-145, PC-3 and LNCaP, without 
inducing any of these changes in P69 cells (Figure 33A, 33B, 33C). The ability of 
CsA and BA to inhibit AT„ decline, ROS production, and apoptosis and the ability of 
a PBzR agonist to promote these changes highHghts the importance of mitochondria 
and MPT as arbiters of Ad.,«rfa-7-induced death in prostate carcinoma cells (Figure 
34C). 

Li contrast to its ability to prevent Ad.mcfa-7-induced decreases in cell 
viabiUty up to 48 h (Figure 31A) and induction of ROS (Figure 31C) in all three 
prostate cancer ceil lines, when evaluated at 18 h (LNCaP) and 24 h (DU-145, PC-3 
and P69), NAC only minimally inhibited Ad.mrfa-7-induced AT, in DU-145 and 
LNCaP cells without affecting this parameter in PC-3 cells (Figure 33B). Similarly, 
whereas the general caspase inhibitor z-VAD.fink inhibited cell death in all three ' 
prostate cancer cells (Figure 33A) it only partially blocked Ad.,«rf«-7-induced A»F„ 
in DU-145 cells without affecting AT„ in PC-3 or LNCaP cells (Figure 3B). 
suggesting that A^mda-l may initiaUy facilitate mitochondrial changes via a caspase- 

mdependentmechanism(Marchetti-era/.. 1996, J. Exp. Med. 184:1155-1160; 
Zamzami et al, 1996. J. Exp. Med. 183:1533-1544). 

Bcl-2 andBcl-XL Differentially Protect Prostate Cancer Cells from 
ROS Induction and Decreased Following Infection with Ad,nda-7. Over- 
expression of Bcl.2 mdBcl-x, can dififerentially protect prostate carcinoma cells from 
apoptosis induced hyAd.mda.7. These 6c/-2-family members have also been found to 
protect diverse cell types from ROS-dependent (Kane et al, 1993. Science 262:1274- 
1277; Hockenbery et al, 1993. Cell 75:241-251) and ROS-independent (Weil et al 
1996. J. Cell Biol. 133:1053-1059) apoptosis. Extensive research on the mechanism 
of inhibition of apoptosis hy Bcl.2 has focused on its interaction with and regulation 
of mitochondrial function, particularly the mitochondrial permeability (MP) pore 
(Vander Heiden et al, 1991, Cell 91 :627-637; GottUeb et al, 2000, Mol. Cell. Biol 
20:5680-5689). However, the localization of Bcl-l to intracellular sites of oxygen free 
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radical generation, including the cytoplasmic face of the mitochondiial outer 
membrane, endoplasmic reticulum and nuclear membranes predict that Bcl-2 may 
exhibit antioxidant properties (Hockenbery et al, 1993, Cell 75:241-251). 
Furthermore, Bcl-l Icnockout mice express a phenotype consistent with that of mice 

5 exposed to chronic oxidative stress (polycystic kidney disease and follicular 
hypopigmentation) (Veis et al, 1993, Cell 75:229-240). 

To examine the relationship between 5c/-2-family members and 
changes in mitochondrial function and ROS, a series of well-characterized prostate 
cancer cell clones displaying stable overexpression oi Bcl-2 orBcl-x, were employed 
10 hrDU-145 andPC-3 cells, over-expression Of 5cAx, and not ^c/-2 prevented 

Ad.,«rfa-7-induced apoptosis, whereas in LNCaP cells over-expression of5c/-2 and 
not Bd-x, was protective. As shown on Figure 34A. over-expression otBcl-x, 
completely abrogated the decUne in AT„ in DU-145 and PC-3 cells following 

infection, without preventing this change in LNCaP cells. In contrast, Bcl-2 
15 over-expression, but not Bcl-x, over-expression prevented the reduction in A^„' in 
LNCaP cells upon Ad.«,^a-7 infection. Similarly, Bcl-x,, but not Bcl.2, protected DU- 
145 and PC-3 cells from Ad.«.c/^-7-induced ROS induction, whereas Bcl-2, but not 
Bcl-xt, protected LNCaP cells from this biochemical change (Figure 34B) These 
studies provide further confmnation between induction of apoptosis in prostate cancer 
20 cells by AA,nda.l and changes in mitochondrial function (reduction m ATJ and 
ROS production. 

In the apoptotic process, M.mda-1 induces mitochondrial 
depolarization, which is associated with MPT and this process is inhibited by 
smmltaneous treatment with ROS inhibitors, NAC and Tiron, and potentiated by 
25 sm^ult^eous treatment with ROS inducer.. AS.O3, NSC656240 and the PBzR agonist 
PKl 1 195. The ability of A^mda-l to induce a loss in Aym and enhance ROS 

production is inhibited, as is its ability to induce apoptosis. in specificprostate cancer 
cells by forced over-expression of anti-apoptotic members of the 5c«-gene family 
Bcl.2 or Bcl-x,. These experiments document a relationship between mitochondrial' 
30 dysfunction and ROS induction and sensitivity to apoptosis induction ...... nr .4 

m prostate cancer cells, which are consistent with the observation that ability of 
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k±mda.l to selectively kill prostate cancer cells can be augmented by agents that 
enhance mitochondrial dysfunction and induce ROS production. 

6.6. Example 6: Free Radical Generators in Combination with mda-1 
Nucleic Acid or MDA-7 Protein as a Treatment for 
Ovanan Cancer 

Materials and Methods 

SK0V3 cells (ATCC. Manassas VA) were plated at 10,000 per weU in 
24 well plates. 24h after plating cells were infected with either control virus or 
AA,nda.l virus at increasing multiplicities of viral infection. 24h after infection cells 
were treated with 500 nM 4-HPR. 96h after 4-HPR addition, cell numbers were 
determined using MTT assays as described above. 
Results 

The results of this study are shown in Figure 35. The data presented 
are corrected for 4-HPR toxicity (as a single agent) and coirected for any anti- , 
proliferative effect of control viral infection. As shown in Figure 35, 4-HPR 
potentiated the toxic effects of MDA-7 expression in ovarian cancer 'cell. 4-HPR did 
not synergize witii control virus to suppress growtii of this same cell line. 

20 6.7. Example 7: Free Radical Generators in Combination with mda-l 

Nucleic Acid or MDA-7 Protein as a Treatment for 
Ovanan Cancer 

Materials and Methods 

Cell Lines and Virus Infection Protocol Human PANC- 1 , MIA PaCa- 
25 2. AsPC-1 and BxPC-3 pancreatic carcinoma cells were obtained from thl ATCC and 
cuted in RPMI 1640 supplemented with 10% FBS. Human immortalized astrocytes 
and humai. immortalized melanocytes were obtained as described earlier (Lebedeva et 
at., 2002, Oncogene 21:708-718; Su et al, imx Oncogene 22:1164-1 180) cultiar^d in 
DMEM medium. The recombinant repUcation-defective Ad..,^a-7 virus was created 
30 -two steps as described p^vdously (Sue/ a/.. 1998. Proc. Natl. Acad. Sci USA 
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95:14400-14405) and plaque purified by standard procedures. Cells were infected 
with 1 00 p.f u./cell ofAd,nda-7 or Ad. vec and analyzed as described. 

MTT Viability Assays. Cell viability was assessed by MTT assays as 
described (Lebedeva et al., 2000, Cancer Research 60:6052-6060). Briefly, cells were 
5 seeded m 96-well tissue culture plates (1.5x1 0^ ceils per well) and treated with 
various agents. At the indicated times, medium was removed, and fresh medium 
containing 0.5 mg/ml MTT was added to each well. The cells were incubated at ST-'C 
for 4 h and then an equal volimie of solubilization solution (O.OIN HCI in 10% SDS) 
was added to each well and mixed thoroughly. The optical density from the plates was 
10 read on a BioRad Microplate Reader Model 550 at 595 nm. 

Annexin V Binding Assays. Cells were trypsinized, washed once with 
complete medium and stained with FITC-labeled Annexin-V Gdt from Oncogene 
Research Products, Boston, MA) according to the manufacturer's instructions. Flow 
cytometry was performed immediately after staining. 

Ce//Q;cfe^;Mf/,;^iy. Cells were trypsinized, washed 2X with PBS and 
fixed in 70 % ethanol overnight at -20»C. Then cells were washed 2 times with PBS 
and aUquots of lxlO« cells were resuspended in 1 ml of PBS containing 1 mg/ml of' 
RNase A and 0.5 mg/ml of pr.,pidium iodide. After 30 min incubation, cells were 

^^3.«^byflowcytometryusingaFACScanflowcytometer(BectonDickinson,San 
20 Jose,CA). 

Preparclion of Cett Extract, and Western Blomng Amlysis Cells 
were wad«d 2 X with cold PBS a»i lysed o„ ice for 30 min in 100 I of cold RIPA 
buffer [50 mM Ms-Ha (pH 8.0), 150 ™M NaCl, 0. 1 % SDS, 1% NP40, aad 0 5 % 
^ deoxyeholate] wi* freshly added 0. 1 mg/ml phenylmethylaulfonyl fluoride 1 
25 .^M sodium orthovar^date, and 1 mg/n,I aproMmn. After cell debris were mnoved by 
oenWiugaaon a, 14,000g for 10 min a. 40c, protein concentrations were determined 
»™g the Bio-Rad protein assay system (Bio-Rad Labotaories. Richmond CA) 
Ahquots of cell extracts containing 20-50 mg of total p™t«n were n=solve^ i„ 12% 
SDS-PAGE and transferred to ImmobUon-P PVDF membranes (Millipore Corp 
30 Bedford. MA). Filters were blocted for 1 h at room temperature in Blotto A [5% 
nonfat millc powder in TBS-T: 10mMTris.HCl(pH8.0). 150 mMNaO, 0.05% 
TVeen20J,and then incubated forlhatr^om temperature inBlottoAcontair^a 
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1:1000 dilution of rabbit anti MDA-7 polyclonal antibody. After wasliing in TBS-T 
buffer (3x5 min, RT), filters were incubated for 1 h at room temperature in Blotto A 
containing a 1:10,000 dilution of peroxidase conjugated anti-rabbit secondary 
antibody (Amersham, Arlington Heights, IL). After washing in TBS-T, ECL was 
5 performed according to the manufacturer's recommendation. 

Assessment of ROS Production. To determine ROS production, cells 
were stained with 2.5 ^iM HE or 5 ^iM DCFH-DA in PBS for 30 min at 37°C in the 
dark. Immediately after staining, cells were analyzed by flow cytometry (FACSscan, 
Becton-Dickinson, Mountain View, CA), and data were analyzed using CellQuest 
10 software, version 3.1 (Becton Diclcinson). For inhibition experiments, NAC (Sigma) 
was added 2 h prior to infection with Ad.mda-7. In all cases, cells were gated to 
exclude cell debris. 

Statistical Analysis. All of the experiments were performed at least 
three times. Results are expressed as mean ± S.E. Statistical comparisons were made 
using an unpau-ed two-tailed Student's t-test. A P <0.05 was considered significant. 

Results 

The results of the studies performed to evaluate the effects of MDA-7, 
alone or in combination with generators of free radicals are shown in Figures 36-i#/ 

As shown in Figures 36-38, an MTT assay demonstrated that 
combinational treatment of pancreatic carcinoma ceUs with NSC656240 or AszOj and 
Ad.mda-7 caused death of these cells irrespective of their K-ras status and does not 
affect growth of normal cells (immortalized human astrocytes or melanocytes). The 
feet that the death can be prevented by general antioxidant N-acetyl-cysteine indicates 
that oxidative processes are involved in mda-7 regulated pathway of killing. 

Combination treatment with Ad.mda-7 and NSC656240 (Figures 39 
and 41) or AS2O3 (Figures 40 and 41) caused apoptosis in pancreatic carcinoma ceUs 
independently of their K-ras status. Apoptosis was determined by annexin V exposure 
(early cytoplasmic apoptosis; Figures 39 and 40) and by detennination of hypodiploid 
30 ceUs(Ao population, late nuclear apoptosis; Figure 41). NAC treatment prevents 
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apoptosis ill pancreatic cell lines after combination treatment with M.mda-1 and 
NSC656240 or AS2O3 (Figm-es 39-41). 

NSC656240 treatment, either alone or in combination with Ad.mrfa-7, 
does not down-regulate K-ras protein expression (Figure 42). 

Combined treatment with NSC656240 or AS2O3 with AA.mda-1 leads 
to MDA-7 protein expression and secretion in wt and mutated K-ras pancreatic cancer 
cell lines (PANC-1. MIA PaCa-2 and AsPC-1), while Ad.mcfa-7 treatment in 
combination with Ad.K-ra^AS, an adenovirus vector expressing an antisense 
oligonucleotide specific for mutant K-ra. caused MDA-? protein expression only in 
mut K-ras cell lines (BxPC-3). NAC treatment abrogates MDA-7 expression and 
secretion in both type of cells (Figures 43-45). 

Combined treatment with Ad.mda-1 and NSC656240 or AS2O3 Caused 
ROS oveiproduction in pancreatic carcinoma cells but not in immortalized astrocytes 
as demonstrated in Figures 46-48. NAC administration blocked ROS production. 

Treatment of pancreatic cancer cells stably transformed to express 
MDA-7 by NSC656240 or As^Oa caused apoptosis and cell death. NAC blocks these 
processes (Figures 49-5 1). 

Various pubUcations are cited herein, which are hereby incorporated 
by reference in their entireties. 
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What is claimed: 
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A method of treating a cancer in a subject comprising generating within one or 
more cancer cells of a subject an effective amount of MDA-7 and an effective 
amount of one or more free radicals, wherein generation within the one or 
more cancer cell of an effective amount of MDA-7 and an effective amount of 
one or more free radicals results in a reduced rate of growth or death of the 
cancer ceU, and wherein the cancer to be treated is selected from the group 
consisting of melanoma, breast cancer, pancreatic cancer, prostate cancer, 
glioblastoma, Hodgkin's lymphoma, non-Hpdgkins lymphoma, esophageal 
cancer, head and neck cancer, thyroid cancer, leukemia, cei-vical cancer, 
ovarian cancer, testicular cancer, gastric cancer, liver cancer, sarcoma, renal 
cancer, bladder cancer, neuroblastoma, osteosarcoma, renal cell carcinoma, 
retinoblastoma, colorectal cancer, hepatocellular carcinoma, multiple 
myeloma, nasopharyngeal cancer, progranulocytic leukemia, 
rhabdomyosarcoma, squamous cell carcinoma, and transitional cell carcinoma. 

The method of Claim 1, wherein the cancer to be treated is glioblastoma 
multiforme. 



3. The method of Claim 1, wherein the cancer to be treated is prostate 



cancer. 



4. The method of Claim 1, wherein the the cancer to be treated is renal cell 
20 carcinoma. 



The method of Claim 1, wherein the the cancer to be treated is ovarian cancer. 

6. The method of Claim 1, wherein the the cancer to be treated, is melanoma. 

7. The method of Claim 1, wherein the the cancer to be treated is testicular 



cancer. 



25 8. The method of Claim 1, wherein the the cancer to be treated is pancreatic 



cancer. 
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9. The method of Claim 1, wherein the the caiicer to be treated is colorectal 
cancer. 

10. The method of Claim 1, wherein an effective amount of MDA-7 is generated 
within one or more cancer cells of a subject by introducing into one or more 

5 cells of the population an expressible form of the mda-l gene. 

11. The method of Claim 10, wherein the mda-l gene is a cDNA or a genomic 
DNA. . 

12. The method of Claim 10, wherein the mda-7 gene comprises SEQ ID NO: 1 , 

13. The method of Claim 10, wherein the mda-l gene encodes an MDK-l protein. 

10 14. The method of Claim 13, wherein the MDA-7 protein comprises SEQ ID 
N0:2 , 

15. The method of Claim 13, wherein the MDA-7 protein is a fusion protein. 

1 6. Tlie method of Claim 13, wherein the MDA-7 protem is secreted MDA-7. 

17. The method of Claim 10, wherein the mda-l gene is comprised within a 
15 vector. . 

18. The method of Claim 17, wherem the vector is selected from the group 
consisting of a viral vector and a non- viral vector. 

19. The method of Claim 18, wherein the viral vector is selected from the group 
consisting of an adenovims vector, an adeno-associated virus vector, a 

20 retrovirus vector, a herpes virus vector, and a vaccinia virus vector. 

20. A method of treating a cancer in a subject comprising generating within one or 
more cancer cells of a subject an effective amount of MDA-7 and an effective 
amount of one or more free radicals, wherein generation within the one or 
more cancer cell of an effective amount of MDA-7 and an effective amount of 

25 one or more free radicals results in a reduced rate of growth or death of the 
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caiicer cell, and wherein an effective amoxint of MDA-7 is generated within 
one or more cancer cells of a subject by administering to one or more cells of 
the population an MDA-7 protein. 

21. The method of Claim 20, wherein the MDA-7 protein comprises SEQ ID 
N0:2. 

22. The method of Claim 20, wherein the MDA-7 protein is a fusion protein. 

23. The method of Claim 20, wherein the MDA-7 protein is secreted MDA-7. 

24. The method of Claim 1 , wherein wherein an effective amount of one or more 
free radicals is generated within a cancer ceU of a subject by administration to 
the subject of ionizing radiation, a free radical, a generator of a free radical, a 
reactive oxygen species, a generator of a .reactive oxygen species, or a 
disruptor of mitochondrial membrane potential. 

25. The method of Claim 24, wherein the generator of a free radical is selected 
from the group consisting of arsenic trioxide, NSC656240, N-(4- 

15 hydroxyphenyl) retinamide, and cisplatin, 

26. The method of Claim 24, wherein the reactive oxygen species is selected from 
the group consisting of singlet oxygen, hydrogen peroxide, superoxide anion, 
peroxynitrite, a hydroxyl radical, and an oxidant. 

27. The method of Claim 24, wherein the disruptor of mitochondrial membrane 
20 potential is PK 11195. 



10 



28. 



25 



A method of inhibiting proUferation of a cancer cell in a subject comprising 
generating within one or more cancer cells of a subject an effective amount of 
MDA-7 and an effective amount of one or more free radicals, wherein 
generation within the one or more cancer cell of an effective amount of MDA- 
7 and an effective amount of one or more free radicals inhibits the 
proUferation of the cancer cell, and wherem the cancer to be treated is selected 
from the group consisting of melanoma, breast cancer, pancreatic cancer. 
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prostate cancer, glioblastoma, Hodgkin's Ijniphoma, non-Hodglcins 
lymphoma, esophageal cancer, head and neck cancer, thyroid cancer, 
leukemia, cervical cancer, ovarian cancer, testiculai- cancer, gastric cancer, 
liver cancer, sarcoma, renal cancer, bladder cancer, neuroblastoma, 
5 osteosarcoma, renal cell carcinoma, retinoblastoma, colorectal cancer, 

hepatocellular carcinoma, multiple myeloma, nasopharyngeal cancer, 
progranulocytic leukemia, rhabdomyosarcoma, squamous cell carcinoma, and 
transitional cell carcinoma. 

29. The method of Claim 28, wherein the cancer to be treated is glioblastoma 
10 multifonne. 



1 cancer. 



30. The method of Claim 28, wherein the cancer to be treated is prostate ( 

31. The method of Claim 28, wherein the the cancer to be treated is renal cell 



carcmoma. 



32. The method of Claim 28, wherein the the cancer to be treated is ovarian 
15 cancer. 

33. The method of Claim 28, wherein the the cancer to be treated is melanoma. 

34. The method of Claim 28, wherein the the cancer to be treated is testicular 
cancer. 

35. The method of Claim 28, wherem the the cancer to be treated is pancreatic 
20 cancer. 

36. The method of Claim 28, wherein the the cancer to be treated is colorectal 
cancer. • 

37. The method of Claim 28. wherein an effective amount of MDA-7 is generated 
within one or more cancer ceUs of a subject by introducing into one or more 

25 cells of the population an expressible form of the mda-1 gene. 
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38. The method of Claim 37, wherein the mda-1 gene is a cDNA or a genomic 
DNA. 

39. The method of Claim 37, wherein the mda-7 gene comprises SEQ ID NO: 1 . 

40. The method of Claim 37, wherein ih^ mda-1 gene encodes an MDA-7 protein. 

5 41. The method of Claim 40, wherein the MDA-7 protein comprises SEQ ID 
N0:2 

42. The method of Claim 40. wherein the MDA-7 protein is a fusion protein. 

43. The method of Claim 40, wherein the MDA-7 protein is secreted MDA-7. 

44. The method of Claim 37, wherein the mda-1 gene is comprised within a 
10 vector. 

45. The method of Claim 44, wherein the vector is selected from the group 
consisting of a viral vector and a non-viral vector. 

46. The method of Claim 45, wherein the viral vector is selected from the group 
consisting of an adenovirus vector, an adeno-associated virus vector, a 
retrovirus vector, a herpes virus vector, and a vaccinia virus vector. 

47. A method of inhibiting proUferation of a cancer cell in a subject comprising 
generating within one or more cancer cells of a subject an effective amount of 
MDA-7 and an effective amount of one or more free radicals, wherein 
generation within the one or more cancer cell of an effective amount of MDA- 
7 and an effective amount of one or more free radicals inhibits the 
proliferation of the cancer cell, and wherem an effective amount of MDA-7 is 
generated within one or more cancer ceUs of a subject by administering to one 
or more cells of the population an MDA-7 protein. 

48. The method of Claim 47. wherein the MDA-7 protein comprises SEQ ID 
25 N0:2. 
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49. The method of Claim 47, wherein the MDA-7 protein is a fusion protein. 

50. The method of Claim 47, wherein the MDA-7 protein is secreted MDA-7, 

51. The method of Claim 28, wherein wherein an effective amount of one or more 
free radicals is generated within a cancer cell of a subject by administration to 

5 tlie subject of ionizing radiation, a free radical, a generator of a free radical, a 

reactive oxygen species, a generator of a reactive oxygen species, or a 
dismptor of mitochondrial membrane potential. 

52. The method of Claim 51, wherein the generator of a free radical is selected 
from the group consisting of arsenic trioxide, NSC656240, N-(4- 

10 hydroxyphenyl) retinamide, and cisplatin. 

53. The method of Claim 51, wherein the reactive oxygen species is selected from 
the group consisting of singlet oxygen, hydrogen peroxide, superoxide anion, 
peroxynitrite, a hydroxyl radical, and an oxidant. 

54. The method of Claim 51, wherein the dismptor of mitochondrial membrane 
15 potential is PK 11195. 

55. A method of promoting death of a cancer cell of a subject comprising 
generating within one or more cancer cells of a subject an effective amount of 
MDA-7 and an effective amount of one or more free radicals, wherein 
generation within the one or more cancer cell of an effective amount of MDA- 

20 7 and an effective amount of one or more free radicals promotes death of the 

cancer cell, and wherein the cancer to be treated is selected from the group 
consisting of melanoma, breast cancer, pancreatic cancer, prostate cancer, 
glioblastoma, Hodgkin's lymphoma, non-Hodgkins lymphoma, esophageal 
cancer, head and neck cancer, thyroid cancer, leukemia, cervical cancer, 

25 ovarian cancer, testicular cancer, gastric cancer, liver cancer, sarcoma, renal 

cancer, bladder cancer, neuroblastoma, osteosarcoma, renal cell carcinoma, 
retinoblastoma, colorectal cancer, hepatocellular carcinoma, multiple 
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myeloma, nasopharyngeal cancer, progranulocytic leukemia, 
rhabdomyosarcoma, squamous cell carcinoma, and transitional cell carcinoma. 

56. The method of Claim 55, wherein the cancer to be treated is ghoblastoma 
multiforme. 

57. The method of Claim 55, wherein the cancer to be treated is prostate cancer. 

58. The method of Claim 55, wherein the the cancer to be treated is renal cell 
carcinoma. 

59. The method of Claim 55, wherein the the cancer to be treated is ovarian 
cancer. 

60. The method of Claim 55, wherein the the cancer to be treated is melanoma. 

61. The method of Claim 55, wherein the the cancer to be treated is testicular 
cancer. 

62. The method of Claim 55, wherein the the cancer to be treated is pancreatic 
cancer. • 

63. The method of Claim 55, wherein the the cancer to be treated is colorectal 
cancer. 

64. The method of Claim 55, wherein an effective amount of MDA-7 is generated 
within one or more cancer cells of a subject by introducing into one or more 
cells of tlie population an expressible form of the mda-l gene. 

65. The method of Claim 64, wherein the mda-1 gene is a cDNA or a genomic 
DNA. 

66. The method of Claim 64, wherein the mda- 7 gene comprises SEQ ID NO: 1 . 

67. The method of Claim 64, wherein the mda-l gene encodes an MDA-7 protein. 
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68. The method of Claim 67, wherein the MDA-7 protein comprises SEQ E) 
N0:2 

69. The method of Claim 67, wherein the MDA-7 protein is a fusion protein, 

70. The method of Claim 67, wherein the MDA-7 protein is secreted MDA-7. 

5 71. The method of Claim 64, wherein the mda-7 gene is comprised within a 
vector. 

72. The method of Claim 71, wherein the vector is selected from the group 
consisting of a viral vector and a non-vhral vector. 

73. The method of Claim 72, wherein the viral vector is selected from the group 
10 consisting of an adenovirus vector, an adeno-associated virus vector, a 

retrovirus vector, a herpes virus vector, and a vaccinia virus vector. 

74. A method of promoting death of a cancer cell of a subject comprising 
generating within one or more cancer cells of a subject an effective amount of 
MDA-7 and an effective amount of one or more free radical's, wherein 

15 generation within the one or more cancer cell of an effective amount of MDA- 



20 75. The method of Claun 74, wherein the MDA-7 protein comprises SEQ ID 



76. The method of Claim 74, wherein the MDA-7 protein is a fusion protein. 

77. The method of Claim 74, wherein the MDA-7 protein is secreted MDA-7, 

78. The method of Claim 55, wherein wherein an effective amount of one or more 



7 and an effective amount of one or more free radicals promotes death of the 
cancer cell, and wherein an effective amount of MDA-7 is generated within 
one or more cancer cells of a subject by administering to one or more cells of 
the population an MDA-7 protein. 



N0:2. 



25 



free radicals is generated within a cancer cell of a subject by administration to 
the subject of ionizing radiation, a free radical, a generator of a free radical, a 
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reactive oxygen species, a generator of a reactive oxygen species, or a 
disrupter of mitochondrial membrane potential. 

The method of Claim 78, wherein the generator of a free radical is selected 
from the group consisting of arsenic trioxide, NSC656240, N-(4- 
hydroxyphenyl) retinamide, and cisplatin. 

The method of Claim 78, wherein the reactive oxygen species is selected from 
the group consisting of singlet oxygen, hydrogen peroxide, superoxide anion, 
peroxynitrite, a hydroxyl radical, and an oxidant. 

The method of Claim 78, wherein the disruptor of mitochondrial membrane 



10 



potential is PK 11195. 
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SEQUENCE LISTING 

<110> The Trustees of Columbia University in the City of New York- 
Virginia Commonwealth University 

<120> MDA-V AND FREE RADICALS IN THE TREATMENT 
OF CANCER 

<130> AP35621-PCT (070050.2457) 

<140> To Be Assigned 
<141> 2003-09-09 



<150> 60/486,870 
<151> 2003-07-10 

<150> 60/486,533 
<151> 2003-07-10 

<150> 60/436,281 
<151> 2002-12-23 

<150> 60/436273 
<151> 2002-12-23 



<160> 2 



<170> FastSEQ for Windows Version 4.0 

<210> 1 

<211> 1700 

<212> DNA 

<213> Homo sapiens 

<220> 
<221> CDS 

<222> (275) . . . (895) 



<400> 1 



RSicnlaltln ^^ll^ ^ gtgaatggtg aaggtgcctg tctaactttt ctgtaaaaag 120 
r "^^^^^as^ag ccagccctca agcatcaott acaggacoag agLacalaf iso 
catgactgtg atgaggagct gctttcgcca atttaacacc aagSgaat? qlalcZclt lln 
gggaggaagg ccaggaggaa cacgagactg agag atg aat ^tt^^S cag agg Sg 295 



Met Asn Phe Gin Gin Arg Leu 
1 5 



caa age ctg tgg act tta gcc aqa ccc ttc tan n^t r.r.*- 
Oin ser .eu Trp Thr .eu La A^g Trl l^l Pro Pro III III 111 
^° 15 20 



""^^ 9" 9*^9 <=tc cct tgc ctg ggt ttt acc 
Thr Ala ser Gin Met Gin Met Val Val Leu Pro c?s Leu lly pJe ?Sr 



35 



ctg ctt etc tgg age eag gta tea ggg gee eag gge eaa gaa tte eac 



391 



439 
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Leu Leu Leu Trp Ser Gin Val Ser Gly Ala Gin Gly Gin Glu Phe His 

45 50 55 



Ph^ n^*" ''f^ ^""^ 5" 9" ctg tgg gaa 

Phe Gly Pro Cys Gin Val Lys Gly Val Val Pro Gin Lys Leu Trp Glu 

60 65 70 

gcc ttc tgg get gtg aaa gac act atg caa get cag gat aac ate aca 
Ala Phe Trp Ala Val Lys Asp Thr Met Gin lla Gin Isp Asn lie ?hr 
75 80 85 

ttl °''9 ""^^ ''^^ 9" ^'^S ^=^9 ^ac gtc teg gat get 

ser Ala Arg Leu Leu Gin Gin Glu Val Leu Gin Asn Val Ser Lp 

^° 95 100 

gag age tgt tae ctt gtc cae aec ctg ctg gag tte tac ttq aaa act 
Glu ser cys Tyr Leu Val His Thr Leu LeS Ilu Phe Su lyl ?Sr 

no J^J^g 

f^^ ^^"^ "^^^ *ca gtt gaa gte agg aet cto aaa S79 

Val Phe Lys Asn Tyr His Asn Arg Thr Val Glu ?al Sg ?hr Leu Lys 



487 



535 



583 



631 



125 130 



135 



tea tte tct aet ctg gcc aac aac ttt gtt etc ate gtg tea caa eta 7?7 
ser Phe Ser Thr Leu Ala Asn Asn Phe Val Leu He ?al sH Gin Leu 
140 145 ISO 

caa cec agt caa gaa aat gag atg ttt tee ate aga gac agt gea cac 775 
Gin Pro ser Gin Glu Asn Glu Met Phe Ser He A?g Asp Ser Ma His 
155 160 

agg egg ttt etg eta tte egg aga gca ttc aaa cag ttg gac gta gaa 823 
Arg Arg Phe Leu Leu Phe Arg Arg Ala Phe Lys Gin LeS Isp III Ilu 

175 180 

gca get etg ace aaa gee ctt ggg gaa gtg gac att ctt ctg aec tgg 871 
Ala Ala Leu Thr Lys Ala Leu Gly Glu Val Asp He Leu LeG Thr Sp 
185 190 3^35 

M^^ ri^ f^^ '^'^^ atgtctagac caggacctcc ctccccctgg 925 

Met Gin Lys Phe Tyr Lys Leu * v-^-uyy aza 

200 205 

cactggtttg ttccctgtgt catttcaaac agtctccctt cctatgctgt tcaetaaaca 985 
cttcacgccc ttggceatgg gteccattet tggceeagga ttattgtcaa aglag^^atJ ills 
ctttaagcag cgccagtgac agtcagggaa ggtgectctg gatgctgtga agag?ctaca liol 
?c?:??fatt lllT'^T tttaattaa? gtcagtat?t SStgSgt ^165 

tctatttatt tgtgagactg taagttacat gaaggcagca gaatattgtg ccceatgett 1225 

taat^^acta t^^^^etttt Ht^'^^l^^ Sgggcagtgg atgggtgct? agtaag?aet l 85 
J.ttr.^ t l^ tggtgctttt tttggcctgt ctttggattg ttaaaaaaca gagagggatg 1345 
cttggatgta aaactgaact teagagcatg aaaatcaoac tgtctgctga ta?c?q™ ilos 
llllllT^ tggggtgggg gtaaggtgca tctgtttgaa aagtaaacj ta^aSgtS 1465 
cca^St^^r ccageacaaa geagateetc aataaacatt teatttccca cccacactS ^52! 
ccagctcacc ccateatecc tttccettgg tgecctectt ttttttttat cctaqtcatt isfls 
atotlc^^f ^".^'^^^^^ agtgtcaage tgaecttgct gatggtgaca ttgcacctgg llll 
atgtactatc caatetgtga tgacattccc tgctaataaa agacaacata ac?ca 1700 
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<210> 2 
<211> 206 
<212> PRT 

<213> Homo sapiens 



Met Asn Phe Gin Gin Arg Leu Gin Ser Leu Trp Thr Leu Ala Arg Pro 
Phe cys Pro Pro Leu Leu Ala Thr Ala Ser Gin Met Gin Met Hi val 
I-eu Pro cys Leu Gly Phe Thr Leu Leu Leu Trp Ser Gin Val Ser Gly 
Ala Gin Gly Gin Glu Phe His iL Gly Pro Cys Gin Z Lys Gly Val 
val Pro Gin Lys Leu Trp Glu Ala Phe Trp Ala Val Lys Asp Thr Met 
om Ala Gin ASP Asn He Thr Ser Ala Arg 11 Leu Gin Gin Glu V^l 
I^eu Gin Asn Val Ser Asp Ala Glu Ser Cys Tyr Leu Val His Sr Leu 
Leu Glu Phe Tyr Leu Lys Thr Val l^l Lys Asn Tyr His Asn Arg Thr 
val Glu val Arg Thr Leu Lys Ser Phe Ser Thr Leu Asn Asn Phe 
val Leu lie Val Ser Gin Leu Gin Pro Ser Gin gJu Asn Glu Met Phe 
ser lie Arg Asp Ser Ala His Arg Arg Phe L^eu Leu Phe Arg Arg III 
Phe Lys Gin Leu Asp Val Glu Ala Ala Z Thr Lys Ala Leu Gl'y Glu 
val ASP lie Leu Leu Thr Trp Met Gl'n Lys Phe Tyr Lys llu 



200 205 
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